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SUMMARY 


This  research  program  has  had  two  primary  objectives  since  its 
inception:  (1)  to  achieve  a direct  chemical  bond  between  orthopaedic 

devices  and  bone  using  surface  active  glass  and  glass-ceramic  materials 
or  coatings,  and  (2)  to  develop  a scientific  understanding  of  the 
chemical  and  mechanical  interfacial  reactions  occurring  between  mate- 
rials- and  bone.  This  report  summarizes  prog-reas  -toward,  realizing  these 
objectives  by  reviewing  accomplishments  of  the  past  six  years  and  pre- 
senting a series  of  new  findings. 

The  influence  of  phosphorus,  boron  and  fluorine  additions  on  the 
surface  chemical  reactivity  of  a soda-lime-silica  glass  has  been  investi- 
gated. Several  techniques,  including  infrared  reflection  spectroscopy, 
ion  solution  analysis,  scanning  electron  microscopy,  energy  dispersive 
x-ray  analysis,  x-ray  diffraction.  Auger  electron  spectroscopy  and  ion 
beam  milling,  have  been  employed  to  develop  insight  into  the  morphological 
and  chemical  changes  which  occur  in  glass  surfaces  corroded  in  a simulated 
physiologic  environment. 

The  resulting  corrosion  layers  and  the  influence  of  phosphorus,  boron 
and  fluorine  on  their  compositions  and  rates  of  formation  are  defined. 
Surface  ion  concentration  profiles  determined  with  Auger  spectroscopy  and 
ion  beam  milling  detail  the  structural  alterations  produced  by  aqueous 
attack.  A mechanism  is  postulated  which  explains  the  sequence  of  events 
leading  to  the  formation  of  the  multiple-layer  corrosion  structures. 

Having  defined  the  surface  chemical  behavior  of  the  glasses  in  an 
in  vitro  environment,  an  effort  is  made  to  relate  these  observations  to 
the  response  elicited  when  identical  glasses  are  implanted  in  laboratory 
animals.  Stable  interfacial  fixation  results  when  specific  surface 
chemistry  conditions  are  satisfied.  Some  of  the  events  postulated  by  the 
in  vitro  studies  as  initial  steps  in  the  bonding  process  have  been 
identified  in  samples  implanted  for  one  hour  and  examined  with  Auger 
electron  microscopy. 

The  in  vivo  results  demonstrated  that  the  four  compositions  implanted 
all  exhibited  direct  attachment  to  bone.  There  was  a wide  variation  in 
the  appearance  of  the  tissue  near  the  implant.  Only  the  interface  of  the 
glass  containing  6 wt . % PvO,  exhibited  a healthy  zone  of  ossification 
characterized  by  numerous  osteocytes  in  close  proximity  to  the  glass,  a 
layer  of  unmineralized  osteoid,  and  a layer  of  osteoblasts  actively 
engaged  in  laying  down  new  osteoid.  The  other  glasses  exhibited  a low 
density  of  viable  osteocytes  and  an  absence  of  an  active  osteoid  front. 

Based  upon  the  in  vivo  observations,  a theory  is  proposed  that  an 
ideal  implant  material  must  have  a dynamic  surface  chemistry  that  induces 
histological  changes  at  the  implant  surface  which  would  normally  occur  if 
the  implant  were  not  present. 
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Mechanical  tests  of  bones  containing  segmental  replacements  of 
bioglass-ceramic  showed  that  the  structur.il  strength  of  the  implanted 
bone  was  about  75%  that  of  the  intact  bone.  Analysis  of  the  fracture 
site  by  the  SCADS  computer  program  showed  that  the  interface  is  at 
least  as  strong  as  the  bioglass-ceramic,  and  at  least  75%  as  strong  as 
the  host  bone.  Fractures  occurred  thro  igh  the  implant  or  through  the 
bone,  but  not  preferentially  at  the  interface. 

An  in  vivo  proof  test  of  the  bonding  ability  of  bioglass  formula- 
tions in  rat  tibiae  has  been  developed  and  implemented.  This  test 
isolates  the  material-dependent  determinants  of  bond  formation  from 
other  factors,  such  as  geometrical  and  mechanical  factors.  This  test 
has  also  been  used  to  demonstrate  that  replacement  of  sodium  by  potassium 
does  not  affect  the  formation  of  the  bioglass-bone  bond. 

A material  system  involving  a bioglass  coating  on  stainless  steel 
holds  much  promise  for  combining  the  strength  of  the  metal  substrate 
with  the  bone-bonding  surface  bioglass.  The  process  is  applicable  to 
a wide  variety  of  metallic  devices  and  forms  a very  stable  interface, 
which  is  not  preferentially  attacked  by  body  fluids. 


FOREWORD 


The  program  undertaken  in  the  contract  is  an  interdisciplinary 
effort  of  the  Departments  of  Materials  Science  and  Engineering  and 
Mechanical  Engineering,  College  of  Engineering,  University  of  Florida; 
the  Departments  of  Orthopaedics  and  Anatomy,  College  of  Medicine, 
University  of  Florida;  and  the  Department  of  Orthopaedics,  Veterans 
Administration  Hospital,  Gainesville,  Florida. 

In  conducting  the  research  described  in  this  report,  the  invest- 
igators adhered  to  the  "Guide  for  Laboratory  Animal  Facilities  and 
Care,"  as  promulgated  by  the  Committee  on  the  Guide  for  Laboratory 
Animal  Resources,  National  Academy  of  Sciences-National  Research 
Council . 
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INTRODUCTION  AND  OBJECTIVES 


I . 

There  are  two  primary  objectives  in  this  program.  1)  To  achieve 
a direct  ■ ni<  tl  bond  between  a ceraraii  material  and  bone.  Accomplish- 
ment of  this  objective  will  enable  the  development  of  a wide  range  of 
orthopaedic  prosthetic  devices  which  will  not  loose  with  time  and  re- 
quire removal  from  tin-  patient;  and  2)  to  develop  a scientific  understand- 
ing of  the  chemical,  biological  and  mechanical  interfacial  reactions 
occurring  between  materials  and  bone.  Accomplishment  of  this  objective 
will  enable  the  engineer  and  physician  to  col  1 aborat i ve 1 v design  a 
materials  svstem  to  satisfy  a specific  combination  of  mechanical  and 
physiological  requirements  in  medical  applications. 

Previous  progress  .n  achieving  these  objectives  has  been  discussed 
in  Reports  No.  1,  2,  3,  A,  5 and  6 prepared  for  this  contract  in  August 
1970,  August  1971,  August  1972,  September  1973,  September  197A,  and 
September  1973,  respectively . 


II.  PROJECT  OVERVIEW 


In  order  to  meet  the  above  objectives,  glass  and  glass-ceramic 
materials  have  been  developed  which  promote  the  formation  of  a direct 
chemical  bond  at  the  interface  of  the  material  and  bone.  The  direct 
bond  . s obtained  without  the  use  of  a porous  structure  in  the  glass- 
ceramics,  thereby  retaining  the  intrinsic  strength  of  these  materials 
and  also  enabling  the  glass-ceramics  to  be  used  as  coatings  on  high 
strength  metal  or  other  ceramic  substrates.  As  discussed  in  Reports 
No.  1,  2,  3,  A,  5 and  6,  promotion  of  the  chemical  bonding  is  accomplished 
by  incorporating  into  the  glass-ceramic  structures  soluble  sodium,  calcium 
and  phosphate  ions  in  ratios  which  can  influence  the  precipitation  of 
hydroxyapatite  in  hone.  Variable  rates  of  ion  release  have  been  achieved 
by  varying  (1)  and  Ca/P  ratio,  (2)  the  percej tage  of  network  formers  in 
the  glass,  (3)  the  type  of  network  former  (SiO  or  B 0j) , and  (A)  F~ 
addi t ions . 

Previous  in  vitro  studies  have  been  conducted  to  establish  parameters 
controlling  the  bonding  of  the  glass-ceramic  materials  with  bone.  These 
studies  have  demonstrated  that  the  phosphate  containing  glass-ceramic 
surface  enhances  surface  crystallization  of  hydroxyapatite.  Studies  pre- 
sented in  Report  No.  A showed  what  appeared  to  be  a hydroxvapatite-like 
layer  forming  on  top  of  a silica-rich  layer,  due  to  the  reaction  of  bio- 
glass with  an  aqueous  medium  Tn  vitro . The  role  of  a soluble  SiO?  gel 
layer  at  the  implant  interface  appears  to  be  critical  for  bonding  in  light 
of  recent  studies  showing  SiO?  present  as  an  osteogenic  precursor. 

Certain  protein  macromolecules  also  bond  to  the  bioglass-ceramic  surface 
in  a dense,  randomly  distributed  conformation  in  contrast  to  a highly 
oriented  distribution  on  quartz  surfaces  and  a complete  lack  of  bonding 
on  other  mineral  and  ceramic  surfaces. 


10 


The  degree  of  selective  attack  of  the  si' irate  network  and  the 
resulting  corrosion  layers  are  influenced  by  t 1 .<  quantity  of  phosphate 
in  the  glass,  with  the  addition  of  phospl  ate  producing  a double  layered 
corrosion  film  which  is  more  effective  in  protecting  the  bulk  glass 
from  aqueous  attack.  Detailed  concentration  profiles  of  corroded  bio- 
glass surfaces  have  been  obtained  with  vuger  Electron  Spectroscopy  and 
ion  beam  milling  which  confirm  the  exif tence  of  the  silica-rich  gel  and 
a very  thin  calcium  phosphate  film  at  the  surface.  The  crystalline 
product  which  grows  from  the  initially  amorphous  calcium  phosphate  film 
has  been  identified  as  hydroxyapatite  which  contains  a considerable 
quantity  of  CO  within  its  structure. 


Implantation  of  duplicate  bioglass-ceramic  samples  in  rat  femurs 
has  been  used  to  evaluate  the  formation  of  the  chemical  bond  at  a living 
interface.  Tetracycline  tracers,  microradiography,  scanning  electron 
microscopy,  light  microscopy  and  transmission  electron  microscopy  all 
show  evidence  of  new  bone  growth  contiguous  with  the  bioglass  and  bioglass- 
ceramic  implant  surface.  A viable  bond  forms  as  early  as  10  days  post- 
operativelv.  A histological  sequence  shows  that  mature  bone  appears  at 
points  on  the  active  glass-ceramic  surface  at  four  weeks.  After  twelve 
weeks  a complete  mature  laminar  interface  has  been  established.  Trans- 
mission eLectron  micrographs  show  an  amorphous  gel-like  layer  immediately 
adjacent  to  the  implant  surface,  with  highly  elongated  hydroxyapatite 
crystals  bridging  the  gap  between  the  implant  and  the  mature  bone  which  has 
formed  around  the  implant.  These  hydroxyapatite  crystals  apparently  form 
after  osteoblasts  have  laid  down  collagen  fibers  on  this  silica  gel  layer. 


_Ln  vivi-  studies  presented  in  Report  No.  5 support  the  contention 
that  a silica-rich  gel  on  the  glass  surface  serves  as  the  induction  site 
for  ossification.  Four  bioglasses,  including  a soda-lime-silica  glass 
and  three  compositions  produced  by  adding  3,  6 and  12  wt.  % P2O5  to  the 
ternary  glass,  exhibited  direct  attachment  to  bone  at  three  weeks.  As 
the  ternary  glass  only  forms  a silica-rich  surface,  even  when  phosphates 
are  present  in  solution,  and  the  glass-bone  interface  appears  very  similar 
for  all  four  compositions,  it  seems  likely  that  the  silica-rich  layer  is 
serving  as  the  site  for  osteoblasts  to  lay  down  the  organic  intercellular 
substance  of  bone . The  calcium  phosphate  layer  which  develops  a phosphorus 
is  added  to  the  bioglass  composition  and  may  serve  as  a source  of  ions  to  be 
incorporated  into  the  mineralization  process.  However,  an  excess  of 
calcium  and  phosphate  ions  lead  to  cell  death  and  ectopic  calcification. 


Bioglass  specimens  implanted  in  rat  femurs  for  one  hour  were  examined 
using  Auger  electron  microscopy  and  ion  milling  techniques  in  order  to 
study  compositional  variations  at  the  implant  surface.  As  with  the  samples 
corroded  in  v Ltro , the  silica-rich  gel  was  found,  covered  by  a calcium 
phosphate  layer.  However,  a very  important  difference  was  that  the  in  vivo 
reactive  surface  contained  organic  constituents  to  a depth  of  180  nm.  The 
calcium  phosphate  film  in  the  in  vivo  sample  was  also  thinner,  placing 
the  silica-rich  layer  closer  to  the  surface.  Transmission  electron  micros- 
copy of  the  bioglass-bone  junction  shows  ultrastructural  evidence  of  Lhe 
same  sequence  of  chemical  constituents.  It  is  the  "graded  interface" 
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that  apparently  is  responsible  for  Lhe  high  mechanical  strength  of  the 
hioglass-bime  bond. 

The  mechanical  strength  of  the  interfacial  bond  developed  between 
a glass-ceramic  bone  implant  with  a reactive  surface  and  a rat  femur 
was  measured.  After  28  weeks  sufficient  strength  was  established  that 
the  bone  tailed  under  a torsional  stress  of  80  mPa  (513  kg/cm  ) with  the 
gl  iss-ceramic  interface  remaining  intact.  Computet  programs  to  evaluate 
stresses  actually  applied  at  the  implant  interface  are  used  in  the 
interpretation  of  the  mechanical  test  data. 

Statistical  evaluation  of  segmental  femur  replacements  in  monkeys 
showed  development  of  a strong  interfacial  bond.  Torsional  strength  of 
the  bone  implant  system  was  measured  to  be  about  75%  of  the  strength  of 
the  intact  femur.  Fractures  were  observed  in  either  the  bioglass-ceramic 
or  in  the  bone,  but  did  not  preferentially  propagate  along  the  bone- 
implant  interface.  Since  the  interfaces  were  not  fractured  during  the 
torsional  tests,  the  strength  of  the  interface  could  not  be  determined, 
but  lowt-r  limits  could  be  assigned.  Analysis  of  the  fracture  and  inter- 
f.u'ial  shear  stresses  showed  that  the  interface  sustained  stresses  of 
over  78  MPa  (800  kg/cm'  ),  which  is  about  75%  of  the  strength  of  the 
boiling  bone.  This  strength  level  also  represents  about  half  the 
strength  of  normal  cortical  hone. 

Partial  hip  prostheses  for  stumptail  monkeys  were  designed  using 
biomechanics  factors.  The  316L  surgical  stainless  steel  prostheses 
flame  spray  coated  with  bioglass  showed  stable  fixation  in  the  medullary 
canal  without  the  use  of  screws  or  other  mechanical  means  of  fixation. 
Functional  use  oi  the  hip  was  retained.  Histological  evaluation  after 
one  year  showed  complete  protection  of  neighboring  tissues  from  metal 
corrosion  products. 

An  effort  to  itilize  sintered  alumina-bioglass  composite  materials 
as  resorbable  bot..  plates  for  the  fixation  of  fractured  bones  led  to  a 
program  to  optimize  the  strength  of  the  material.  A bone  plate  was  de- 
signed for  the  fixation  of  transverse  fractures  of  canine  femurs  and 
six  implantations  were  performed.  While  most  plates  failed  within  10 
days,  one  plate  survived  until  the  bone  healed  and  was  removed  at  64 
weeks.  The  plate  showed  no  evidence  of  resorption  or  bonding  to  the 
bone.  In  fact  the  underlying  bone  showed  radiological  evidence  of 
resorption  away  from  the  plate.  Some  tissue  necrosis  in  the  vicinity 
of  sintered  materials  implanted  in  rat  tibias  was  also  noted,  suggesting 
that  for  bioglasses  to  be  effective  they  must  be  presented  as  an  as-cast 
glass  or  as  a glassy  coating  with  minimal  microporosity. 

A rapid  and  inexpensive  technique  has  been  developed  for  assessing 
the  bonding  ability  of  bioglass  formulations  Tn  vivo,  and  has  been  used 
to  demonstrate  that  bonding  is  attained  consistently  with  the  45S5  bio- 
glass. The  same  test  is  now  being  used  as  a quality  control  test  for 
all  other  implantation  studies,  thereby  assuring  that  materials  used  for 
biomechanical  studies  have  the  ability  to  form  bonds  with  bone.  The 
effect  of  variations  in  the  composition  of  bioglass  on  the  bonding 


ability  is  also  being  scrutinized,  and  it  has  been  found  that  substitu- 
tion of  potassium  for  sodium  does  not  affect  the  bonding  ability  of 
bioglass . 


A new  process  for  coating  metallic  implants  with  bioglass  using 
an  immersion  technique  has  been  developed.  The  metal-glass  interface 
formed  is  quite  resistant  to  attack  by  body  fluids,  and  the  metal- 
glass  transition  is  only  about  two  microns  thick.  Thus,  a bioglass 
surface  is  presented  to  the  ir^  vivo  environment. 

A series  of  canine  1 ibular  replacements  have  demonstrated  a uni- 
form lack  of  bond  formation,  despite  the  fact  that  the  materials  used 
had  previously  passed  the  j_n  vivo  test  for  bonding  ability.  Lack  of 
fixation  appears  to  be  the  prime  interference  to  bond  formation.  The 
implants  were  encapsulated  in  callus  within  only  a few  weeks,  and 
motion  of  the  implant  was  thereby  eliminated,  but  the  bond  did  not 
form  at  this  later  time.  Thus  the  mechanism  of  bond  formation  appears 
to  involve  a time  sequence  which,  if  interrupted,  will  not  be  completed. 


III.  SUMMARY  OF  MAJOR  ACCOMPLISHMENTS,  1969-76 


1.  A systems  analysis  of  the  various  activities  in  the  research 
program  has  been  completed  and  has  been  used  to  establish  budget  and 
personnel  allocations  as  well  as  the  time  sequencing  required  for  the 
interacting  functions  of  the  research. 

Development  of  Materials  Systems 

2.  The  basic  bioglass  composition,  45S5,  is  an  invert  soda-lime 
glass,  containing  45%  Si02  as  network  former,  equal  amounts  (24.5%) 

of  Na20  and  CaO,  and  6%  P2O5,  by  weight.  This  material  can  be  used  in 
its  as-cast  (glassy)  form,  or  partially  crystallized,  or  completely 
crystallized  to  become  a bioglass-ceramic. 

3.  Low  viscosity,  biocompatible  glasses  with  a variable  rate  of 
release  of  surface  ions  and  changes  of  surface  pH  have  been  developed. 
This  series  of  glasses,  45BJSS5  and  45BsS5,  involved  the  partial  replace- 
ment of  the  S102  network  forming  oxide  with  B20^  network  formers.  The 
Na20-B20^  ions  in  the  glass  complex  to  form  a tetrahedral  structural 
unit  akin  to  that  of  the  Si02  units.  However,  the  viscosity  of  the 
glass  is  greatly  reduced,  thus  making  it  possible  to  flame  spray  or 
enamel  the  bioglass.  Both  in  vitro  and  in  vivo  evaluations  establish 
the  equivalent  behavior  of  this  new  line  of  bioglasses  to  that  of  the 
45S5  composition  originally  developed  in  this  program. 

4.  A third  composition  of  bioglass,  45S5F,  was  developed  by  sub- 
stituting CaF  for  about  half  of  the  CaO.  These  glasses  show  similar 
behavior  to  the  other  bioglasses,  both  iai  vivo  and  ^in.  vitro , and  lower 
viscosity  than  the  original  45S5  composition.  The  45S5F  glasses  evolved 
for  use  in  a flame-spraying  process  developed  in  collaboration  with  the 
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ceramics  group  at  IITRI.  The  flame-spraying  process  was  used  to  success- 
fully coat  such  complex  devices  as  femoral  head  replacement  prostheses 
for  monkeys  completely  with  45S5  bioglass,  thereby  combining  the  strength 
of  the  metal  with  the  desirable  surface  characteristics  of  the  bioglass. 

5.  An  immersion  process  for  coating  metal  with  bioglass  has  been 
developed  and  shown  to  produce  surfaces  equivalent  to  bulk  bioglass  in 
terms  of  tissue  response.  With  this  process  the  strength  of  the  metal 
substrate  can  now  be  combined  with  the  surface  properties  of  bioglass 
within  an  implant. 

6.  Other  material  systems,  such  as  enameled  stainless  steel 
sintered  bioglass-ceramics,  and  bioglass-alumina  composites,  have  been 
tested  and  found  to  be  unsuitable  for  in  vivo  implantation. 

In  Vitro  Studies  of  Bioglass  Surfaces 

7.  Methods  for  evaluating  the  specific  ions  released  at  the  surface 
of  the  bioglasses  and  bioglass-ceramics  and  the  structural  changes  in  the 
implant  surfaces  have  been  developed.  These  include  atomic  absorption 
analysis,  atomic  emission  analysis,  colorimetry,  infrared  reflection  spec- 
troscopy, scanning  electron  microscopy.  Auger  spectroscopy  has  been 
recently  used  to  understand  the  exact  chemical  nature  of  the  interfacial 
surface  of  the  implant  materials.  Ion-milling  of  the  surface  followed  by 
segmental  Auger  spectroscopy  reveals  the  detailed  sequence  of  Na,  Si,  Ca 
and  P ions  released  from  the  implant  surface  and  build-up  of  surface  gel 
layers . 

8.  Iri  vitro  evaluation  of  the  surface  chemical  response  of  bioglasses 
to  a simulated  physiologic  environment  has  been  accomplished.  A corrosion 
layer  or  layers  is  formed  as  a result  of  aqueous  attack  of  the  glass  struc- 
ture. If  phosphorus  is  absent  from  the  bioglass  composition,  sodium  and 
calcium  are  selectively  leached,  producing  a silica-rich  gel  layer.  The 
addition  of  phosphorus  to  the  glass  composition  does  not  interfere  with 
the  development  of  a silica-rich  gel  layer  initially.  However,  a second 
film  composed  of  an  amorphous  calcium  phosphate  develops  at  the  silica 
gel-water  interface  and  with  time  crystallizes  to  form  an  apatite  structure. 
Increasing  the  phosphorus  content  of  the  glass  composition  accelerates  the 
formation  of  the  calcium  phosphate  film.  Partial  substitution  of  BoO^  for 
SiC>2  accelerates  the  initial  dissolution  process.  The  addition  of 
fluorine  to  the  glass  composition  significantly  enhances  the  resistance 

of  the  glass  to  aqueous  attack,  probably  by  substituting  for  hydroxyl  ions 
in  the  apatite  structure. 

9.  Composition  profiles  of  the  corrosion  layers  formed  on  a series 
of  bioglasses  with  increasing  phosphorus  content  have  been  measured 
employing  Auger  Electron  Spectroscopy  and  ion  beam  milling.  The  profiles 
provide  detailed  compositional  maps  which  confirm  the  existence  of  the 
calcium  phosphate  gel-silica  gel-bulk  glass  structure  at  the  bioglass  sur- 
face after  reaction. 

10.  Conditioning  of  bioglass  with  tissue  culture  medium  prior  to 
implantation  fosters  the  formation  of  an  intimate  and  ultrathin  calcium 
phosphate  film  on  the  implant.  This  prevents  spalling  of  the  film  which 
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occurs  with  untreated  implants  because  the  calcium  phosphate  film  forms 
very  rapidly  and  becomes  quite  thick.  As  a result,  conditioned  implants 
appear  to  form  a stronger  bond  to  bone. 

11.  Long-term  studies  ( in, lion  |h  urs)  of  the  solubility  and  pH-time 
dependence  of  the  various  bioglass  and  bioglass-ceramic  compositions  show 
a controlled  release  rate  of  (a,  N'a,  Si  and  P ions  from  the  implant  sur- 
faces. The  ion  losses  in  buffered  solutions  provide  the  physical-chemical 
correlation  required  to  interpret  the  soft  tissue  and  hard  tissue  in  vitro 
responses.  Fluorine  additions  decrease  the  ion  release  rate  and  thereby 
evoke  a slower  mineralization.  Boron  oxide  additions  accelerate  the 
interfacial  reactions.  Thus,  the  bioglass  and  bioglass-ceramics  can  be 
designed  to  match  specific  metabolic  activities. 

12.  In  vitro  solubility  studies  on  flame  sprayed  45BsS5  and  45S5F 
bioglass-ceramics,  45S5  fusion  coated  on  alumina,  and  45S5  immersion 
coated  on  316  stainless  steel,  have  shown  that  the  relative  solubilities 
of  these  materials  is  similar  to  the  bulk  materials. 

13.  In  vitro  studies  have  shown  that  the  crystal  structure  of  the 
glass-ceramic  will  promote  direct  chemical  bonding  of  hydroxyapatite 
crystals  at  the  interface.  These  results  suggest  a mechanistic  explana- 
tion for  the  direct  bonding  achieved  in  the  in  vivo  studies.  They  also 
suggest  means  of  directly  controlling  bonding  and  interfacial  reactions 
desired  in  specific  medical  applications. 

14.  Precipitation  of  polypeptides  on  the  surfaces  of  glass-ceramics 
and  various  other  minerals  have  shown  that  the  compatibility  of  proteins 
is  a function  of  crystal  structure  and  orientation  of  the  crystalline 
materials  surface  and  is  a function  of  glass  composition. 

15.  The  bioglasses  and  bioglass-ceramics  developed  in  this  program 
bond  with  certain  charged  polypeptide  groups. 

16.  Application  of  the  protein-mineral  epitaxial  results  obtained 
in  this  program  has  been  made  to  the  problem  of  urolithiasis.  The  inter- 
facial interactions  between  the  inorganic  substances  and  organic  matrix 
in  the  formation  of  urinary  stones  is  akin  to  the  type  of  interfacial 
interactions  being  examined  in  detail  in  this  contract.  Consequently, 
application  of  these  results  to  other  medical  problems  appears  to  be 
possible  and  our  research  has  provided  guidance  on  these  matters  where- 
ever  it  seems  justified. 

In  Vivo  Studies  of  Bioglass-Tissue  Interactions 

17.  Techniques  to  evaluate  the  nature  of  interfacial  bonding  between 
ceramics  and  bone  have  been  successfully  developed.  These  techniques  in- 
clude transmission  electron  microscopy,  scanning  electron  microscopy,  micro- 
radiography, tetracycline  tracers  and  optical  microscopy. 

18.  Nonporous  45S5  bioglass  and  bioglass-ceramic  have  been  found  to 
attach  directly  to  bone  by  means  of  a chemical  bond.  The  strength  of  the 


bond  is  sufficient  that  implants  in  rat  femurs  cannot  be  forcibly  extracted. 
The  bunding  strength  is  sufficient  that  the  interfacial  attachment  of  the 
ceramic  to  the  bone  will  withstand  the  implant  force  of  a milling  machine 
cutting  bar  and  diamond  microtome. 

19.  Confirmation  and  extension  of  our  earlier  hone-bioglass-ceramics 
interface  reaction  mechanism  studies  have  been  achieved  by  comparing  45S5, 
45B  S5  and  45S5F  bioglass-ceramics  implanted  in  the  cancellous  bone  of 

the  proximal  tibia  of  young  rats.  All  of  the  implants  grew  with  the  newly 
forming  bone  away  from  the  epiphyseal  plate. 

20.  Ultrastructural  studies  of  the  bone-ceramic  interface  have  led 
to  a theory  of  the  formation  of  the  bond  through  the  production  of  an 
amorphous  ion  surface  gel  on  the  bioglass.  An  amorphous  gel-like  layer 
has  been  noted  on  the  surface  of  the  implant,  extending  over  a distance 

of  800  to  1,000  A.  This  layer  may  be  equivalent  to  the  substance  compris- 
ing the  "cement  line"  in  mature  bone.  Osteoblasts  lay  down  collagen 
fibers  onto  this  bonding  layer  and  mineralization  then  occurs  in  an 
ectopic  manner.  The  resulting,  highly  elongated,  crystals  bridge  the 
space  between  the  implant  surface  and  the  mature  bone. 

21.  Implantation  of  a series  of  bioglasses  with  variable  phosphorus 
content  has  given  support  to  the  concept  of  the  soluble  silica-rich  gel 
serving  as  an  induction  site  for  osteogenesis.  In  addition,  there  is  an 
optimum  phosphorus  level  in  the  bulk  composition  which  leads  to  a situa- 
tion where  a sufficient  but  not  excessive  supply  of  calcium  and  phosphate 
ions  is  available  for  incorporation  into  the  mineralization  process. 

22.  Partial  or  complete  substitution  of  potassium  for  sodium  does 
not  impair  the  formation  of  the  bone-bioglass  bond.  This  suggest  that 
the  role  of  these  two  elements  in  the  formation  of  the  bond  is  very 
similar . 

23.  Bioglass  surfaces  implanted  in  rat  femur  cortical  bone  have 
been  studied  with  Auger  electron  spectroscopy  and  ion  milling.  The 
existence  of  the  calcium  phosphate  layer  over  the  silica-rich  gel,  similar 
to  what  was  found  in  vitro,  has  been  confirmed.  Organic  constituents,  C 
and  N,  were  found  in  the  calcium  phosphate  layer  to  a depth  of  180  nm, 
resulting  in  a smooth  transition  between  an  organic  composition  at  the 
outer  surface  to  a composite  organic-calcium  phosphate  layer  that  over- 
laps the  silica-rich  gel  on  the  bioglass  surface. 

24.  In  vitro  solubility  studies  show  that  crystallization  does  not 
significantly  affect  the  rate  of  surface  ion  release  from  the  bioglass- 
ceramics.  Implants  of  identical  specimens  in  rat  cortices  also  show 
interfacial  bonding  of  bone  to  the  implant  irrespective  of  degree  of 
crystallinity.  This  correlation  shows  for  the  first  time  that  it  is 
interfacial  chemical  variables  that  control  ultrastructural  compatibility 
of  implants  with  bone  rather  than  crystallographic  or  microstructural 
features  of  the  implants. 
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25.  Histological  analyses  of  the  tissue  reactions  at  the  interface 
■f  the  45S5F  flame  sprayed  monkey  hip  prostheses  show  the  absence  of 
■migration  of  metal  particles  into  the  tissue  surrounding  the  implant  with 
the  bioglass  coating.  In  contrast,  the  tissues  around  a surgical  stain- 
less steel  screw  of  the  same  metal  composition,  without  the  bioglass  coat- 
ing, have  been  examined  after  an  equivalent  implantation  time  and  show 
massive  migration  of  metallic  deposits  into  the  tissues. 


26.  Sintered  glasses  and  sintered  composites  behaved  quite  differ- 
ently than  the  bulk  bioglasses.  Necrosis  and  mineralization  of  the  sur- 
rounding tissues  was  seen,  and  by  12  months  the  implants  had  become  soft 
and  friable.  This  reaction  probably  resulted  from  the  microporosity  of 
the  glasses  with  an  increased  surface  area  for  reaction  with  the  surround- 
ing tissues  and  fluids. 

27.  Physiological  dosages  of  parathyroid  extract  given  to  rats  for 
72  hours  prior  to  sacrifice  have  not  evoked  an  osteoclastic  resorption 
at  the  interface  of  the  bioglass-ceramic  materials. 

28.  Human  and  chick  fibroblastic  tissue  cultures  exposed  to  glass- 
ceramic  compositions  (45S5F,  45Br,S5  and  45S5)  were  fed  and  maintained  under 
physiological  conditions  for  periods  of  two  and  three  weeks  on  bioglass 
substrates.  During  that  time  the  cells  were  observed  to  attach  to  all  of 
these  bioglass-ceramic  compositions  and  in  some  instances  to  multiply 
normally.  A desensitization  of  the  bioglass  surface  involving  equilibra- 
tion to  solutions  of  tissue  culture  media  is  required  to  achieve  maximum 
tissue  culture  compatibility. 

29.  Implants  of  the  glass-ceramics  of  the  45S5F  composition  in  the 
vastus  lateralis  muscle  of  the  right  hind  leg  of  rats  showed  a fibrous 
tissue  response  with  the  tissues  firmly  adhering  to  the  implant  surface. 

The  reactions  to  the  implants  can  be  interpreted  to  show  early  synovial 
cell  type  formation  about  the  implant.  It  can  be  demonstrated  that  this 
cell  layer  is  involved  in  phagocytosis  of  the  implant. 

30.  Comparison  of  other  glass-ceramic  compositions,  45S5  and  45IKS5, 
in  rat  muscle  showed  that  the  more  surface-reactive  implant  materials  in- 
duced a more  marked  foreign  body  type  reaction  with  multinucleated 
phagocytic  cells  attempting  to  destroy  the  implant.  This  general  behavior 
is  in  marked  contrast  to  that  observed  for  the  implant  responses  on  bone. 

In  bone,  the  more  reactive  glass  surfaces  induced  osteoblastic  formation 
and  development  of  a chemical  bone. 


31.  Implantation  of  metal  and  alumina  canine  fibular  implants  coated 
with  bioglass  with  no  internal  immobilization  led  to  non-unions  of  the 
artificial  bone  grafts,  despite  the  encapsulation  of  the  ends  of  the  implants 
in  generous  cellus.  The  implication  is  that  the  mechanism  of  bond  forma- 
tion depends  on  a sequence  of  events,  and  interruption  of  the  sequence 
related  to  motion  of  the  implant  inhibits  bond  formation. 
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Meehan  Leal  Testing  of  the  Bone-Bioglass  Interface 

32.  Methods  used  for  the  mechanical  testing  of  implants  and  implant- 
bone  systems  include  a rapid  loading  torsional  tester,  a biaxial  flexure 
test  for  disks  of  materials  and  a four-point  loading  bend  test.  A simple 
method  for  attaching  strain  gages  to  bone  for  the  measurement  of  mechanical 
properties  during  mechanical  loading  has  been  accomplished. 

33.  A set  of  computer  programs  has  been  developed  which  allows  the 
computation  of  torsional  and  bending  stresses  in  arbitrary  multiply- 
connected  cross  sections.  The  programs  are  user  oriented,  and  allow  a 
quite  flexible  input  data  structure.  The  program  has  been  tested  using 
certain  configurations  for  which  analytical  stress  distributions  are 
available  and  has  demonstrated  accuracy  to  within  five  percent  of  the 
calculated  value. 

34.  It  has  been  shown  that  sufficient  strength  is  developed  at  the 
interface  of  a bioglass-ceramic  segmental  bone  replacement  that  a rat  femur 
will  fracture  in  the  bone  in  torsion  rather  than  at  the  materials-bone 
interface . 

35.  Biomechanical  evaluation  of  femoral  segmental  replacements  in 
primates  has  shown  that  the  bond  developed  between  the  45S5  bioglass-ceramic 
implants  and  bone  was  strong  enough  to  cause  the  fracture  developed  in  a 
torsional  test  to  pass  through  the  implant  as  well  as  the  surrounding  bone 
and  the  interface.  This  demonstrates  that  the  bond  strength  is  quite  sub- 
stantial. This  type  of  strength  has  not  been  found  in  stainless  steel 
implants  flame  sprayed  with  the  45S5F  composition  due  to  failure  of  the 
bioglass-metal  interface. 

36.  An  in  vivo  proof  test  for  the  ability  of  biomaterial  to  bond 
to  bone  has  been  developed.  Small  rectangular  samples  of  the  test  mate- 
rial are  implanted  in  rat  tibiae  and,  after  sacrifice  at  10  or  30  days, 
subjected  to  a push-out  force  of  30  N.  Implants  which  exhibit  no  gross 
motion  due  to  this  load  are  deemed  bonded  to  bone. 

37.  The  push-out  test  described  above  has  been  applied  routinely 
to  all  materials  undergoing  implantation  studies.  This  assures  that  any 
bonding  failures  are  due  to  factors  such  as  design  of  the  implant  or  lack 
of  fixation,  rather  than  the  chemical  formulation  of  the  material. 

. 

38.  A partial  hip  prosthesis  combining  high  strength  mechanical 
behavior  and  controlled  biocompatibility  has  been  achieved  on  an  explora- 
tory scale  by  flame  spray  coating  the  46S5F  bioglass  on  316L  surgical 
stainless  steel  monkey  hip  prostheses.  The  hip  prostheses  have  been 
evaluated  in  primate  after  a one-year  implantation  and  show  stable  fixation 
in  the  intramedullary  canal  without  the  use  of  screws,  cement,  or  any  other 
means  of  mechanical  fixation. 

39.  Fatigue  studies  of  flame  sprayed  specimens  show  that  stress  and 
life  are  inversely  related  in  a manner  quite  similar  to  that  shown  by 


errous  materials.  Specimens  tested  while  submerged  in  distilled  water 
exhibit  a lower  fatigue  life  than  specimens  tested  dry.  The  vt  speci- 
men ts,  however,  exhibited  much  smaller  cracks  once  failure  began  than 
the  dry  specimens. 

40.  In  studies  of  the  torsional  strength  of  paired  bones  from 
three  groups  of  animals  it  has  been  sh  >wn  that  there  is  no  significant 
left-right  bias  in  the  measured  strength,  and  that  the  standard  devia- 
tion of  the  percent  difference  side-to-side  strength  is  typically  about 
0. 10. 


41.  Evaluation  of  implants,  particulary  after  failure  of  the  device, 
requires  that  biomechanical  factors  be  studied  as  intensively  as  the 
composition  and  behavior  of  the  material. 
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contact  one  end  of  the  implant,  while  the  bone  is  supported 
by  the  other  jaw  of  the  forcep  
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Abst  ract 

This  study  compare-  tchniques  of  assessing  the  strength  of  bone- 
imp  lant  interfaces  using  ■ • v<  i il  test ing  procedures:  rapid  torsion  of 

- mental  bone  replacement  •;  trai  rtical  implant  "pusb-out"  test;  and 
a new  "mini-push-out"  test.  The  ranine  "push-out"  study  utilized  6 mm 
diameter  by  12  mm  long  cylinders  of  stainless  steel,  Cr-Co  alloy,  dense 
Al  0 , bioglass,  biogl  lss  , oramii  , and  Al  0 coated  with  bioglass. 

Specimens  were  implanted  for  1 *>  weeks  in  the  cortex  o.f  dog  femora.  At 
sacrifice  they  were  axially  loaded,  using  a self  adjusting  f ixture.  A 
large  difference  in  the  "push-out"  force  (270  N’  for  bioglass-ceramic  vs. 

14  N for  inert  materials)  was  found.  Inability  to  determine  areas  pre- 
cluded interfacial  stress  computation.  Qualitative  comparisons  of  bond 
strength  were  made  and  a simpler  test  was  proposed  and  tested.  Specimens 
4 mm  x 4 mm  x 1 mm  of  bioglass,  Al  0 . coated  with  bioglass,  and  stainless 
steel  were  implanted  in  the  proximal  tibia  of  the  rat  for  IQ  and  30  days. 

At  10  days  approximately  807  of  the  bioglass  samples  were  bonded  and  at 
30  days  100%  were  bonded.  The  mini-push-out  test  provides  an  economical 
qualitative  evaluation  of  interfacial  bond  strength  while  quantitative 
data  can  be  achieved  by  the  torsional  testing  of  segmental  replacements. 

Introduction 

The  mechanical  strength  of  the  bonding  between  bone  and  new  implant 
materials,  such  as  bioglass,  is  of  great  importance  in  evaluating  them 
as  candidates  for  application  to  orthopaedic  devices.  Piotrowski,  et  al. 
(1971)  utilized  the  rapid  torsional  test  developed  by  Burstein  and  Frankel 
( 19 71)  to  estimate  a lower  limit  for  the  torsional  strength  of  the  bond 
between  bioglass-ceramic  and  the  bone  of  the  rat.  Similarly,  Piotrowski, 
et  al.  (1975)  measured  the  strengths  of  primate  femurs  containing  bioglass 
segmental  replacements,  and  used  these  data  and  the  SCADS  computer  program 
(Piotrowski  & Kellman,  1973)  to  compute  the  maximum  interfacial  stresses 
developed  in  these  systems.  Initial  fixation  of  the  implant  was  found  to 
be  of  utmost  importance,  and  in  some  animals  (especially  the  rat  and  the 
rabbit)  difficult  to  achieve.  While  the  primate  appears  to  be  a desirable 
candidate  for  segmental  replacement  studies,  recent  studies  using  modified 
bioglasses  were  plagued  by  non-unions  which  were  either  due  to  inadequate- 
fixation  or  lack  of  bonding  ability  of  the  materials  used.  These  two 
effects  an  difficult  to  separate,  and  thus  it  was  impossible  to  decide  on 
an  appropriate  course  of  corrective  action.  While  a successful  femoral 
segmental  implant  allows  accurate  quantitative  evaluation  of  the  bone- 
bioglass  bond  strength,  the  cost  of  each  specimen,  in  terms  of  acquisition, 
surgery,  and  post-operative  care  costs,  is  very  high.  Thus  it  became 
essential  that  a simple,  inexpensive,  and  rapid  means  of  assessing  the 
hi  vivo  bonding  ability  of  candidate  materials  be  developed,  in  order  to 
screen  materials  prior  to  use  in  t lie  men-  expensive  test. 

Nilles,  et  al.  (1973)  and  Nilles  and  bapitskv  (1973)  reported  on  the 
use  of  transcortical  canine  "push-out"  test  to  evaluate  the  biocompati- 
bilitv  and  strength  of  attachment  of  porous  implant  materials. 
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Utilizing  such  a canine  model  results  in  some  savings  in  inimal 
its  over  the  primate  model.  However,  the  preparation  of  the  spe  1 
ens  for  subsequent  testing  at  harvest  is  quite  extensive.  A more 
serious  definieney  is  the  lack  of  definition  of  the  interfac  i a 1 '.ending 
rt  a , making  an  accurate  computation  of  he  shear  stresse;  at  ailure 
Impossible.  Qualitative  comparative  data  can  be  obtained  from  th i 
method  as  shown  in  the  study  below,  but  quantitative  results  are 
extremely  difficult  to  attain. 

A modified  form  of  the  push-out  test,  using  rats  as  experimental 
animals  was  evolved.  Rectangular  test  coupons  were  used,  and  subjected 
to  a proof  load.  Specimens  withstanding  this  proof  load  without  dis- 
ruption of  the  bone- implant  interface  were  judged  to  have  the  ability 
to  bond  to  bone. 

These  techniques  are  compared  in  the  following  report. 


Methods 

Primate  Model  (Torsional  Test)  (Piotrowski,  e_t  al.  1975  : Short 

segments  of  the  right  femurs  of  squirrel  monkeys  were  excised  and  re- 
placed by  hollow  cylinders  made  from  bioglass-ceramic.  Fixation  during 
the  healing  process  was  achieved  with  intramedullary  nails,  which  were 
removed  prior  to  testing.  The  femurs  wore  harvested  after  sufficient 
time  had  passed  to  ensure  that  healing  had  taken  place,  and  tested  to 
failure  in  torsion  using  the  instrumentation  developed  by  Burstein  and 
frankel  (1971).  The  broken  hone  was  reassembled  and  sectioned,  and  the 
stresses  at  each  cross  section  computed  using  the  SCADS  computer  program 
(Piotrowski  & Kellman,  1973).  Since  few  fractures  occurred  at  the  bone- 
bioglass  interface,  the  computed  stress  values  represent  a lower  limit 
■>n  the  strength  of  the  interface. 

Canine  Model  (Push-Out  Test):  Right  circul  ' cylindrical  test  cou- 

pons (6.3  nun  dia.  x 12.5  mm  long)  were  fabricated  from  the  following 
materials : 

1.  316L  stainless  steel  (Zimmer  USA,  Warsaw,  Ind.)  — 5 amp 1 e s 

2.  Wrought  Cobalt-Chromium  Surgical  Allov  (Vi  tall ium-Howmed lc  •> , 
Rutherford,  N.  .T.) — 4 samples 

3.  A1  0,  (99%  fully  dense)  (Friedrichsfeld  GmbH.,  Germany) — 4 samples 

4.  Al  0 , coated  with  bioglass  (Greenspan,  et_  al . 1975) — 6 samples 

5.  Bulk  bloglass  ( 4 5 S 5 ) (Hench,  et  al_.1972) — 15  samples 

6.  Bulk  bioglass  ceramic  (45S5C)  (Hench,  et_  al . 1972) — 5 samples 

Implantation  was  carried  out  using  techniques  similar  to  those  cited 
by  Hi  lies,  et  al^.  ( 197  3),  and  the  relevant  portions  of  ASTM  F 361  (1975). 
Implants  were  gas  sterilized,  and  inserted  in  transverse  holes  drilled  in 
the  lateral  cortex  of  the  femurs  of  mongrel  dogs  weighing  20-30  kg  using 
sterile  surgical  procedure.  At  sixteen  weeks  the  femurs  wen  harvested 
(Figure  la),  sectioned  (Figure  lb),  and  machined  to  form  test  specimens  as 
shown  in  Figure  1c.  The  bones  were  kept  moist  throughout  processing  using 
saline  solution. 


A self-aligning  test  fixture  was  fabricated  t>  ensure  purely  x i a 1 
loading  of  the  specimens.  The  fixture  was  mounted  in  an  Instron  Universal 
Testing  Machine  and  the  specimens  were  loaded  at  a rate  of  1.27  mm/tnin 
(0.05  in/min).  The  force-deflection  curves  were  recorded  and  the  failure 
loads  read  from  those  curves. 

Rat  Model  (Mini-Push-Out):  Rectangular  (4  mm  x 4 mm  x 1 ram)  implants 

were  fabricated  and  ul trasonically  cleaned  in  acetone  for  two  minutes  to 
remove  superficial  contaminants.  Coupons  were  gas  sterilized  and  implanted, 
across  the  anterior  border  of  the  tibia  (see  Figure  2)  of  Sprague  Daw  ley 
rats  weighing  approximately  '300  gr.  After  administration  of  anesthesia 
(Nembutal  interperitonially) , the  rat's  leg  was  shaved  and  propped  with 
alcochol  and  betadine  scrub.  The  incision  was  made  on  the  anterior  surface 
of  the  leg  from  5 mm  above  the  knee  down  to  the  curve  of  the  ankle.  The 
peroneal  muscles  on  the  lateral  aspect  of  the  tibia  were  cut  just  below 
i he  knee  and  cleared  from  the  bone.  The  anterior  tibialis  and  common  toe 
extensors  were  also  removed  from  the  medial  portion  of  the  tibia.  A Hall 
II*  drill,  driven  with  nitrogen,  was  used  with  a 0.7  mm  carbide  t ip  burr. 

A slot  was  formed  in  the  lateral  cortex  and  then  the  medial  corte  of  the 
anterior  border  of  the  tibia.  Care  was  taken  to  form  a close  fit  without 
excessive  clearance.  The  site  was  irrigated  at  all  times  with  saline 
solution.  The  coupon  was  placed  in  the  defect  and  the  muscles  md  sk  in 
sutured . 

A total  of  80  implantations  were  performed;  (62-45S5  Bioglass,  6-A1  0 
6-Stainless  Steel,  and  6-A1  0 double  coated  with  Bioglass).  Half  of  each 
tvpe  were  implanted  for  10  days  and  half  for  30  dnvs.  At  sacrii  ice  the 
tibia  was  excised,  and  the  soft  tissue  surrounding  the  implant  site  was 
carefully  removed.  Each  implant  was  subjected  to  a push-out  force  applied 
with  a modified  sponge  forceps  (Figure  3a  and  b) , designed  to  applv  a load 
of  approximately  30  N (see  Appendix  A). 

Resu  1 1 s 

Primate  Model  (Torsional):  The  results  of  the  most  recent  studies 
carried  out  using  this  model  and  reported  by  Piotrowski,  et  a[.  (l''/5)  are 
shown  in  Figure  4.  This  data  compares  the  strength  of  normal  bom  < \) , 
strength  of  healing  bone  (B) , and  the  stresses  sustained  by  tin  i nu -bio- 
class  interface  (C)  at  the  time  of  fracture.  The  mean  interfacial  stress 
was  computed  to  be  83  MPa  with  a Standard  Deviation  of  23  MPa  (2b  the 

mean) . 


Canine  Model  (Push-Out):  The  results  of  the  push-out  test  are  sum- 

marized bv  the  histogram  of  the  push-out  forces  in  Figure  5.  Table  1 shows 
the  mean  forces  (F),  numbers  of  samples  (n),  and  best  est imates  of  the  st  an 
dard  deviations  (S.D.)  for  each  material  used.  lahlc  2,  outlines  statistic 
emp arisons  between  groups  of  specimens.  Two  dogs  containing  the  bulk  bio- 
class  specimens  and  several  of  the  other  materials,  as  noted  in  Figure  5, 
sustained  femoral  fractures  and  were  sacrificed  at  28  dnvs. 
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Histogram  summarizing  the  corces  to  push  out  the  various 
compositions  tested  using  the  canine  model.  Except  for  tiie 
bioglass  specimens,  one  specimen  from  each  group  was  tested 
at  28  days  due  to  fracture  of  one  of  the  femurs.  All  of  the 
hioglass  specimens  were  tested  at  28  days  for  the  same  reason 


TABLE  J 


Canine 

Push-Out  Data 

Summary 

Materia  1 s 

No . of 
Samples 

Mean 

Force  (N) 

Std . 

Deviation*  (N) 

Stainless  Steel  - 316L** 

5 

12 

13 

Co-Cr  Surgical  Alloy*** 

4 

13 

11 

AI.O3  (99%  fully  dense) 

4 

19 

4 

AI2O3  w/Single  Bioglass 
Coating 

6 

61 

54 

Bulk  Bioglass  Ceramic 

15 

262 

117 

Bulk  Bioglass 

5 

209 

92 

*Bessel  Correction  applied. 

**Zimmer  USA,  Warsaw,  Ind. 

***Vitallium^  Howmedica,  Rutherford,  N.J. 


TABLE  2 

Statistical  Results  (Student's  t Test) 
Determined  for  the  Canine  Push-Out  Data 

Non-Bonding  Materials  vs.  Non- Bonding  Materials: 


S . S . vs . 

Vitallium 

t = 0.1 

P > 

0.8 

F = 1.28 

Vitallium 

vs.  AI2O3 

t = 0.2 

P > 

0.8 

F = 1.7 

AI2O3  vs. 

S.S. 

t = 0.3 

P 

0.8 

F = 1.4 

Non-Bonding  Materials  vs.  Bonding  Materials: 

N.B.  vs.  45S5C  t = 8 P > 0.001  F = 90 

N.B.  vs.  45S5  t = 8 P < 0.001  F = 56 

N.B.  vs.  AI2O3  + Bioglass  t = 3.2  P > 0.010  F = 19 

Bonding  Material  vs.  Bonding  Material: 

45S5C  vs.  45S5  t = 0.9  P > 0.20  F = 1.6 

45S5  vs.  AI2O3  + Bioglass  t = 3.0  P < 0.02  F = 3.0 

Note:  The  student's  t test  assesses  the  significance  of  the  difference 

of  two  means,  while  the  F test  compares  the  variances  of  the  two 
groups.  "P"  is  the  probability  of  the  two  groups  being  represented 
by  the  same  distribution. 
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There  was  no  significant  difference  found  between  the  mean  forces 
required  to  push  out  inert  specimens.  The  data  from  these  three  groups 
•'ere  then  pooled  to  form  a basis  for  comparison  of  non-bonding  (N.B.) 

ULeria^s  to  bonding  materials.  The  pooied  data  resulted  in  a mean 
force,  F,  of  13.5  N (S.D.  = 12  N,  n = K). 

Comparison  of  the  non-bonding  and  bonding  materials,  Table  2,  showed 
that  there  was  a statistically  significant  difference  in  the  bond  strength 
of  the  non-bonding  materials  and  the  bonding  materials  and  that  there  was 
no  significant  difference  between  bioglass  with  or  without  crystallization 
(bioglass-ceramic)  even  though  the  bulk  bioglass  was  only  in  situ  for  28 
days.  There  also  was  a "probably  significant"  difference  between  the  bond 
strength  of  the  alumina  single  coated  with  bioglass,  and  the  bulk  bioglass 
and  bioglass-ceramic. 

Rat  Model  (Mini-Push-Out) : Of  30  specimens  of  45S5  bioglass  tested 

at  10  days,  22  specimens,  representing  73%  of  the  implants,  sustained  the 
proof  load  of  30  N with  no  visible  loosening  of  the  implant.  At  the  30 
day  time  period  30  of  30,  or  100%,  passed  the  proof  test.  The  AlpO-j  double 
coated  with  bioglass  showed  0 of  3 at  10  days  and  3 of  3 at  30  days  passed 
screening.  The  controls  (Stainless  Steel  and  A^Oq)  showed  no  bonding  and 
pushed  out  at  substantially  less  than  30  N. 

Discussion 

The  main  detrimental  feature  of  both  types  of  push-out  tests  (dog  and 
rat  model)  lies  in  the  fact  that  they  are  subject  to  many  interferences, 
especially  taper,  alignment  and  surface  roughness  of  the  specimen.  Clearly, 
if  the  test  coupon  is  tapered,  close  apposition  of  bony  tissue  to  the 
implant  will  produce  an  interference  fit  if  the  implant  is  pushed  from  the 
larger  end  of  the  taper.  This  source  of  error  can  fortunately  be  eliminated 
by  careful  attention  to  implant  geometry.  A second  factor,  which  is  also 
controllable,  is  the  orientation  of  the  push-out  force  relative  to  the 
implant  surfaces.  The  errors  produced  by  misalignment  of  the  force  are 
related  to  the  angle  of  that  misalignment,  and  can  be  controlled  by  care- 
ful mounting  of  the  test  specimens  in  the  self-aligning  test  fixture. 

A third  factor,  which  is  more  difficult  to  control,  is  the  surface 
roughness  of  the  implant.  The  surface  roughness  of  the  various  specimens  j 

used  in  the  canine  studies  was  measured  with  a Brush  Surface  Measuring 
System  (Model  MS-5000)*,  (Table  3)  and  the  results  for  the  inert  materials 
are  not  reflected  in  a corresponding  variation  of  the  push-out  force, 
indicating  that  the  surface  roughness  plays  a minor  role  in  determining 

the  push-out  force.  j 

Force  intensity  or  interfacial  shear  stress  could  not  be  calculated 
in  this  investigation  because  an  adequate  measure  of  the  true  contact  area 
could  not  readily  be  made  using  X-ray  or  microscopic  observation.  A 
nominal  area  could  be  estimated  but  did  not  appear  to  vary  from  sample  to 
sample  or  material  to  material.  The  inability  to  calculate  a force 
intensity  or  stress  clearly  was  a major  contributor  to  the  large  scatter 
observed  in  this  test  method. 


*Clevite  Corporation 
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TABLE  3 


Arithmetic  Average  of  Surface  Roughness  of  Canine  Implants 


316L  Stainless  Steel 

0.1 

pm 

(4pin) 

Vitallium 

1.0 

pm 

(40iiin) 

ai2o3 

0.9 

pm 

(35pin) 

45S5C  6.  45S5 

0.1 

pm 

(4uin) 

A1_0  + Single  Coated  Bioglass 

0.2 

pm 

(8pin) 

Note:  A waviness  cut-off  of  0.7  mm  (0.3  in.)  was  used  in  determining 
these  values. 


The  standard  deviations,  indicative  of  scatter  in  the  data,  ranged 
from  a high  of  90%  of  the  mean  force  for  the  non-bonding  materials  to 
45%  for  the  two  types  of  bioglass  tested.  The  single  coated  alumina 
showed  a S.D.  of  88%  of  the  mean. 

The  data  does,  however,  lend  itself  to  qualitative  or  comparative 
interpretation.  As  Figure  5 shows,  non-bonding  materials  needed  only 
small  forces  to  push  them  out  as  compared  to  the  bonding  materials.  In 
the  canine  model  the  dividing  line  seems  to  be  at  about  75  N,  and  thus 
it  appears  that  a proof  load  of  approximately  75  N serves  to  screen 
materials  for  bonding.  That  is,  an  implant  of  comparable  size  which 
cannot  sustain  75  N push-out  force  can  be  considered  to  have  failed  the 
bond  screening  test  and  one  which  does  sustain  this  load  can  be  assumed 
to  have  passed  and  thus  become  a candidate  material  for  further  quanti- 
tative study. 

The  presence  of  a distinct  demarcation  between  push-out  forces  for 
inert  versus  bonding  materials  led  to  the  development  of  the  rat  minl- 
push-out  test  as  a "go-no  go"  assessment  of  the  bonding  ability  of  a 
candidate  material.  An  implant  of  a given  material  of  approximately  half 
the  gross  surface  area  was  found  to  sustain  approximately  half  the  load 
to  push-out  in  the  rat  model  in  a much  shorter  time  period  (10-30  days  in 
rats  vs.  16  weeks  in  dogs).  Rather  than  utilize  a large  testing  machine, 
a simply  modified  sponge  forceps  is  used  to  provide  this  force,  and  the 
results  correlate  extremely  well  with  the  findings  of  the  canine  model. 
These  -sayings  of  time  and  equipment  resulted  in  comparative  cost  differ- 
ences of  twenty~to^.thir ty  dollars  per  dog  implant  vs.  about  'teight  dollars 
per  rat  implant  with  little  compromise  in  the  usable  data  obtained. 
Quantitative  data  obtained  using  the  monkey  segmental  model  necessitates 
expenditures  in  excess  of  $350.00  per  implant. 
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C one.lus  ion 

It  has  been  shown  that  the  problems  of  estimating  the  area  of 
bonding  relegates  the  push-out  method  of  material  comparison  in  canines 
to  that  of  a qualitative  test  only.  The  rat  model  provides  similar  data 
at  a significant  saving  of  time  and  money  and  appears  to  be  easily 
applied  and  repeatable.  More  sophisticated  models  like  the  femoral 
segmental  replacements  in  monkeys  need  to  be  carried  out  if  quantitative 
data  on  bond  strength  is  required.  Prior  screening  of  the  materials 
using  the  mini-push-out  test  as  an  in  vivo  proof  test,  however,  greatly 
improves  the  success  rate  of  the  more  expensive  procedures. 
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APPENDIX  A:  Fabrication  and  Calibration  of  Loading  Forceps 

A standard  sponge  forceps  was  modified  to  allow  for  application  of 
the  rat  proof  load.  The  "sponge  end"  was  machined  to  allow  for  clearance 
of  the  pushed  out  implant  and  a zero  adjustment  screw  was  added  (Figures 
3a  and  3b).  The  forceps  ratchet  was  placed  in  the  first  position  (Figure 
6).  A small  cylindrical  block  of  wood  was  placed  at  the  sponge  end. 

The  zero  adjustment  screw  was  brought  into  contact  with  the  block.  The 
handles  were  placed  in  a compression  testing  machine  and  load  was  slowly 
applied  at  points  A (Figure  7).  As  each  of  the  remaining  ratchet  posi- 
tions were  engaged,  the  load,  Ljj,  was  recorded.  Using  the  principal  of 
levers,  the  load  at  point  B,  Lj , was  calculated  using  the  equation 
(Lj  x b = L|j  x a].  At  the  fourth  ratchet  position  Lj  was  calculated  to 
be  approximately  30  N. 
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B 


B.  Standard  Method  of  Test  for  Ability  of  a Biomaterial  to 
Bond  to  Bone,  M.  G.  Ferrari,  T.  Carr,  and  G.  Piotrowski 


1.  Scope 

1.1  This  procedure,  developed  and  performed  by  the  University 
of  Florida  Biomechanical  Laboratory,  is  currently  being  used  to 
evaluate  the  bonding  ability  of  specific  compositions  of  biomaterials. 

Samples  of  the  material  are  surgically  implanted  into  rat  tibias  and 
later  tested  for  their  adherence  to  bone. 

1.2  This  test  is  intended  as  an  in  vivo  "go — no-go"  test  of 
bonding  ability  and  cannot  be  used  to  measure  or  quantize  different 
strength  or  rates  of  bonding. 

2 . Summary  of  Method 

2.1  The  specimen  in  the  form  of  a rectangular  chip  is  implanted 
in  the  left  tibia  of  a rat  for  a period  of  10  or  30  days.  At  sacrifice 
the  tibia  is  removed,  and  a forcep  is  used  to  apply  a force  of  about 

30  N (6.5  lbf)  on  the  implant.  If  the  chip  can  withstand  the  applied 
force  and  remain  fixed  to  the  bone,  the  material  is  considered  to  be 
able  to  bond  to  bone. 

3.  Significance 

3.1  This  procedure  provides  a relatively  rapid  test  of  whether  a 
given  material  does  or  does  not  bond  to  bone. 

3.2  Materials  that  pass  the  test  can  be  confidently  used  in  other, 
more  expensive  implant  studies. 

3.3  Since  the  test  employs  a fixed  time  period  and  fixed  push-out 
forces,  it  cannot  be  used  to  compare  rates  of  various  bone-bonding 
materials . 

3.4  This  test  cannot  be  used  to  assess  the  bonding  strength,  since  j 

the  load  carrying  area  cannot  be  determined. 

4 . Apparatus 

4.1  A hole  is  drilled  in  one  jaw  of  a 9 in.  sponge  holding  forcep 
in  the  upper-middle  segment  and  tapped  for  a // 2 — 5 6 screw.  A 5 mm  section 
is  cut  from  the  opposite  jaw.  The  handle  of  this  side  is  placed  in  a 
vise  allowing  the  other  handle  to  open  and  close  freely.  This  device  is 
used  to  apply  the  push-out  force  to  the  test  specimen  (see  Figure  1). 

4.2  Ten  centimeter  long  burrs,  0.7  and  0.9  mm  in  diameter,  are 
reduced  to  4 cm  and  are  used  to  machine  a hole  in  the  tibia  for  the 
imp  1 ant . 
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5. 


Reagents  and  Mate r i als 

5.1  The  following  materials  are  used  in  the  preparation  of  the 
specimen  for  implantation. 


5.1.1 

Acetone 

5.1.2 

Vegetable  parchment  paper 

5.1.3 

Ethylene  oxide  indicator  tape 

5.1.4 

Gauze  pades,  4 in.  x 4 in. 

5.1.5 

Forceps 

5.2  The  following  materials  are  used  in  the  surgical 
involved  in  the  implantation  and  sacrifice. 

procedures 

5.2.1 

Sprague-Dawley  white  male  rats  weighing  200  to 

400  g. 

5.2.2 

26.4  cc  of  : 

Nembutal  solution  — add  3.6  cc  of  50  mg/ml  nemutal  to 
sterile  normal  saline. 

5.2.3 

Atropine 

5.2.4 

Isopropyl  alcohol 

5.2.5 

Betadine 

5.2.6 

Prep  blades 

5.2.7 

Plywood  board  — approximate  size  is  12  in.  x 

12  in.  x 1/2  in. 

5.2.8 

Rubber  bands  and  tacks 

5.2.9  Sterile  surgical  kit  — contains  sterile  drapes 
gauze  pads,  glovss,  saline  solution,  syringes,  towel  clamp; 
scalpels,  sutures  (4-0  silk  and  4-0  sutures),  needleholder 

s,  applicators, 
s,  forceps, 
and  scissors. 

5.2.10 

1/4  in.  periosteal  elevator 

5.2.11 

Drill  — a nitrogen  driven  drill,  with  0.7  and  0.9  mm  carbide 

tipped  burrs,  operated  at  50  psi. 


6 . Sampling 

6.1  Three  rats  for  each  time  period  (10  days  and  30  days)  have  been 
used  in  the  initial  studies,  and  this  number  appears  to  be  sufficient. 

6.2  If  an  animal  sustains  a broken  leg  or  dies  prior  to  harvest  it 
should  be  replaced. 


7. 


Test  Spec i mens 


7.1  Fabricate  the  biomaterials  implants  as  rectangular  paral- 
lelepipeds measuring  4 mm  x 4 mm  x i mm.  All  .airfares  and  edges  shall 
be  free  of  burrs  and  other  surface  irregularities  which  may  caust  a 
mechanical  interlock  with  the  healing  bone.  The  surf,  e shall  hi-  no 
rougher  than  that  produced  by  grinding  with  600  grit  paper. 

7.2  Clean  the  specimens  ultrasonical lv  in  acetone  for  one  to  tv- 
minutes  to  remove  all  surface  contaminants.  To  prevent  further  contami- 
nation, further  handling  of  implants  is  to  bt  done  inly  with  forceps. 
Wrap  the  implants  individually  in  a gauze  pad  and  vegetable  parchment 
paper  using  the  customary  double  wrapping  technique,  and  close  the 
package  with  ethylene  oxide  indicator  tape.  Mark  the  implant  type 
(material)  in  the  tape. 

7.3  Sterilize  the  implants  with  ethylene  oxide  and  aerate  them 
for  24  hours. 

8.  Procedure 

8.1  Preparation  of  animal 

8.1.1  Anesthetize  the  rat  with  nembutal  solution,  using  the  dose 
given  by  Table  1,  injected  interper itonial lv . Once  the  anesthetic 
takes  effect,  inject  0.2  cc  of  atropine  subcutaneously. 

8.1.2  Alcohol  and  prep  blades  are  used  to  ensure  sterility  when 
shaving  the  leg.  Shave  the  leg  from  about  an  inch  above  the  knee  to 
the  ankle  and  about  60  degrees  to  each  side  of  the  leg.  Scrub  the 
shaved  region  wi th  betadine  using  sterile  applicators.  Place  the  rat 
with  his  back  on  a plywood  board.  The  right  rear  leg  and  the  two  front 
legs  are  held  down  by  rubber  bands  tacked  into  the  wood.  Enough  tension 
is  applied  to  hold  the  rat  in  place. 

8.2  Surgical  Procedure 

8.2.1  Place  a sterile  paper  absorbent  towel  over  the  ar.imal  and 
cut  a diamond-shaped  hole  in  the  center.  Pull  the  leg  through  the  hole 
and  again  swab  with  betadine  for  precautionary  measures.  Use  a sterile 
gauze  pad  to  remove  excess  betadine. 

8.2.2  With  a #15  scalpel  blade,  make  an  anterior  incision  through 
the  skin  5 mm  proximal  to  the  knee,  along  the  length  of  the  bone,  to  the 
curve  of  the  ankle.  Cut  the  two  peroneal  muscles  on  the  lateral  side  of 
the  tibia  just  below  the  knee,  and  clean  them  from  the  bone.  Remove  the 
anterior  tibialis  and  common  toe  extensors  from  the  bone  on  the  medial 
side,  and  cut  the  semitendinosis . This  procedure  allows  access  to  the 
periosteum  which  is  removed  from  the  medial  and  lateral  side  and  the 
anterior  ridge  of  the  tibia.  The  muscles  are  then  cleaned  from  the 
medial  and  lateral  aspects  of  the  bone  in  preparation  for  drilling. 
Insert  the  periosteal  elevator  posterior  to  the  tibia  to  evaluate  the 
tibia  from  the  muscle.  Now  the  bone  is  clear  of  surrounding  muscles  and 
tissue  and  can  be  drilled  to  receive  the  Implant  as  shown  in  Figures  2 
and  3 . 
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- IMPUANT 

CRE.ST 


The  location  of  the  implant  immediately  post -ope rat ive 1 v 
should  be  immediately  posterior  to  the  tibial  crest,  as 


Check 


8.2.3  Drill  tin-  tibia  from  L hi-  lateral  to  medial  side, 
t hi-  width  of  tin1  slot  intermittently  with  [lie  implant  to  insure  a 
proper  fit.  The  implant  is  to  lit  securely  into  the  slot  in  the  hone 
so  that  the  implant  is  not  free  to  move  but  can  be  readily  pushed  with 
the  fingers.  Use  saline  solution  repeatedly  to  irrigate  the  area  and 
wash  away  fragments  of  bone. 

8.2.4  Place  the  bioglass  chip  in  the  tibia,  while  checking  that 
the  implant  can  be  removed  either  laterally  or  medially  by  applying  a 
s 1 ight  pressure . Rinse  the  implantation  area  one  final  time  with  a 
saline  solution. 

8.2.5  Stitch  the  muscle  on  the  lateral  side  of  the  incision  to 
the  fascia  of  the  medial  side  with  a discontinuous  stitch  by  under- 
stitching with  chromic  4-0  suture  and  a tapered  needle.  Close  the 
skin  of  the  rat  with  a continuous  stitch  using  silk  4-0  suture  and  a 
cutting  needle  and  secure  the  final  stitch  with  a knot. 

8.3  Testing  Procedure 

8.3.1  At  the  time  of  testing,  sacrifice  the  rate  by  intravenously 
injecting  it  with  an  overdose  (about  5 cc)  of  nembutal,  or  some  other 
standard  procedure. 

8.3.2  Remove  the  tibia  from  the  rat  and  clean  it  of  surrounding 
muscle  and  tissue.  Any  material  covering  the  periphery  of  the  bioglass 
implant  is  carefully  removed  so  that  only  the  interfacial  bond  strength 
is  involved  in  holding  the  implant  in  place. 

8.3.3  Place  the  tibia  between  the  jaws  of  the  forcep,  making  sure 
to  align  the  adjusting  screw  on  the  forcep  with  the  implant  as  in 
Figure  4.  Some  portion  of  the  proximal  end  of  the  tibia  may  be  removed 
in  order  to  properly  position  the  bone  in  the  testing  apparatus.  Adjust 
and  align  the  screw  to  provide  essentially  no  clearance  and  no  load  on 
the  implant  when  the  forcep  is  closed  to  the  first  position. 

8.3.4  When  the  forcep  is  closed  past  the  first  position,  a force 
is  applied  to  the  implant.  At  the  fourth  position,  a force  equivalent 
to  30  N is  applied  on  the  implant.  Close  the  forcep  to  the  fourth 
position,  taking  about  5 seconds. 

9 . Interpretation  of  Results 

9.1  The  specimen  is  deemed  to  have  passed  the  test,  and  is  there- 
fore bonded  to  the  bone,  if  it  survives  the  application  of  the  30  N load 
without  visually  perceptible  motion  taking  place  between  bone  and  implant. 

9.2  A biomaterial  is  deemed  to  he  a bone-bonding  material  If  all 
of  the  30  day  specimens  pass  the  test. 

9.3  A biomaterial  can  be  assumed  to  be  a low-bonding  material  if 
ail  of  the  10  day  specimens  pass  the  test.  The  30  day  implants  should 
still  be  harvested,  and  the  bone-bonding  abilitv  confirmed  according  to 
9.2. 


Report 

10.1  Records  of  the  following  information  for  ill  animals  implanted 
all  be  kept  for  future  reference,  if  meded. 

10.1.1  Material  implanted. 

10.1.2  Names  of  individuals  involved  in  the  implantation,  sacrifice, 
and  testing. 

10.1.3  Amount  of  anesthesia  administered. 

10.1.4  Weights  of  the  animal  at  implantation  and  sacrifice. 

10.1.5  Dates  of  implantation  and  sacrifice. 

10.1.6  Results  of  push-out  test  (passed  or  failed). 

10.1.7  For  those  animals  which  did  not  result  in  a push  out  rest, 
a reason  for  the  lack  of  test  data  must  -be  given. 

* 10.2  The  report  shall  include  the  following  imformaticp. 

10.2.1  Type  of  material. 

10.2.2  Number  of  animals  implanted  for  each  time  period. 

10.2.3  Number  of  implants  at  each  time  period  that  «»u  ed  tht 
push-out  test. 

10.2.4  Number  of  implants  not  tested,  and  reasons  u - i 1 < . 

test. 


I 
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c. 


Material  Screening  for  Bonding  Ability,  M.  Walker,  T.  Carr, 
S.  Gould,  and  G.  Piotrowski. 


Introduct ion 

The  ability  of  bioglass  to  promote  secure  bony  attachment  has  been 
well  established  [1,  2].  The  most  successful  glass  tested  so  far  has 
been  that  of  the  4r)S5  composition.  The  bonding  ability  of  45S5  bioglass 
has  been  compared  over  the  years  to  controls  of  dense  alumina,  stainless 
steel  and  fused  silica.  All  three  of  these  inert  materials  have  been 
shown  to  produce  no  significant  bonding.  The  difference  in  behavior  shown 
by  fused  silica  (pure  glassy  SiC>2)  vs  bioglass,  which  is  also  a silicate 
based  glass,  is  quite  significant.  It  shows  that  bonding  of  a material 
such  as  bioglass  to  bone  is  determined  by  compositional  factors.  It  is 
this  dependence  of  bonding  on  composition  that  will  be  studied  in  this 
project . 


Through  systematic  and  progressive  compositional  variation  of  our 
standard  45S5  bioglans,  limits  will  be  determined  beyond  which  bonding 
no  longer  occurs.  This  process  should  define  a compositional  range  of 
SiOa,  P2O5,  CaO  and  Na20  in  which  bonding  will  occur.  It  will  also 
establish  whether  all  four  of  these  components  are  necessary  for  bonding 
and  if -next , which  are  superfluous.  The  shape  and  limits  of  the  composition 
region  of  bonding  when  plotted^on  a triaxial  chart  should  provide  valuable 
insight  into  the  compositional  factors  inve^ved  in  the  basic  mechanisms 
of  bonding.  It  is  possible  that  the  determ ^nation  of  this  acceptable 
compositional  range  will  provide  glasses  of  more  suitable  mechanical  or 
fabricative  properties  to  be  employed  in  clinical  prostheses.  Glasses 
of  greater  soft  tissue  stability  that  will  also  bond  to  bone  may  be  an 
added  benefit  from  the  study.  Of  special  importance  is  our  plan  to  use 
this  study  as  a basis  for  selecting  samples  for  the  further  in  vivo 
investigations. 


Initia 1 Ev al uation  of  the  Mini-push  Out  Test. 

Bioglass  implants  of  varying  compositions  have  been  mechanically  tested 
using  the  rat  tibial  mini-push  out  technique  developed  by  Miller,  Greenspan, 
Piotrowski  and  bench  [3].  In  brief,  the  mechanical  integrity  of  the  bioglass- 
bone  bond  is  tested  in  the  following  manner:  4 x 4 x 1 mm  bioglass  chips 
are  implanted  into  a surgical  defect  wholly  through  the  anterior  border 
of  the  tibia  in  a sagit.il  plane.  After  a given  healing  period  the  animal 
is  sacrificed  and  the  tibia  excised.  The  exposed  ends  of  the  implant  on  either 
side  of  the  tibia  art  clean. d of  overlying  bony  tissues.  Modified  sponge 
for  eps  are  used  to  applv  1 push  out  load  of  30  newtons  to  the  implant. 

Those  implants  that  re  ist  being,  forced  out  under  the  30  N proof  load  have 
passed  this  test  lor  bonding.  Those  that  move  perceptively  at  30  N or 
less  have  fa i 1 ed . 

The  first  application  of  this  in  vivo  proof  test  of  bonding  ability 
was  to  establish  the  reliability  of  the  bond  formation.  Ten  separate  lots 
of  45Sr>  bioglass  wire  formulated,  and  six  rat  tibia  implants  fabricated  from 
each  lot.  Three  chips  of  each  lot  were  implanted  for  ten  days,  and  three  for 
thirty  days,  as  described  in  the  test  protocol  f4).  (In  two  cases,  four 
implants  were  tested  at  thirty  days.)  The  results  of  the  proof  test  on  a 
lot-by-lot  basis  are  shown  in  Table  1.  73!?  of  the  ten  day  implants  were 


already  bonded,  and  the  eight  failures  were  quite'  randomly  distributed  over 
all  ten  1 >ts.  All  of  the  thirty  day  impi  mts  were  found  to  be-  bonded. 
Clearly,  +5S5  bioglass  consistently  bonds  to  bone  in  rat  tibiae  in  less 
than  30  days. 

Table  I 


Results  of  Mini-push  Out  Test  for 
10  Lots  of  45S5  Bioglass 


Lot  No. 

10 

Days 

30 

Days 

No.  of  Implants 

Passed 

Failed  No. 

of  Implants 

Passed 

Fa i 1 ed 

1 

3 

2 

1 

3 

3 

0 

2 

3 

3 

0 

4 

4 

0 

3 

3 

2 

1 

3 

3 

0 

4 

3 

2 

1 

3 

3 

0 

5 

3 

2 

1 

3 

3 

0 

6 

3 

3 

0 

3 

3 

0 

7 

3 

2 

1 

4 

4 

0 

8 

3 

2 

1 

3 

3 

0 

9 

3 

3 

0 

3 

3 

0 

10 

3 

1 

2 

3 

3 

0 

M. iteri.il  Screen  i ng_  _Stud  ies  . 

Further  tests  with  the  mini-push  out  test  were  performed  to  evaluate  the 
bonding  ability  of  other  material  systems  and  are  summarized  in  Table  2. 

Inert  materials,  like  3161.  stainless  steel  and  fully  dense  alumina  showed  no 
bonding  ability  at  either  time  period. 

Alumina  coated  with  a single  layer  of  bioglass  showed  very  questionable 
results,  and  was  deemed  to  have  failed  the  test.  Double  coated  alumina,  as 
described  by  Greenspan  and  Hench  [5],  fared  somewhat  better,  but  the  results 
are  still  not  very  conclusive,  and  the  test  will  be  repeated. 

Stainless  steel  specimens  coated  with  bioglass  using  the  immersion 
technique  described  by  Buscemi  and  Hench  [6|  showed  good  response  at  thirty 
days.  The  small  size  of  the  implant  made  it  impossible  to  completely 
encapsulate  the  metal  in  glass.  Instead,  the  implants  were  fabricated  in 
the  form  of  a sandwich,  with  a layer  of  bioglass  on  either  side  of  the 
steel  piece.  The  edges  of  the  steel-glass  interface  were  exposed  to  body 
fluids,  and  showed  no  attack  or  degradation  a'  either  ten  or  thirty  days. 

A series  of  monkey  segmental  replacements  were  tested  about  a year  ago 
in  an  attempt  to  improve  our  knowledge  of  the  bond  strength  between  bioglass 
and  bone.  A minor  change  In  the  composition  of  the  bioglass  was  made,  however, 
by  substituting  calcium  phosphate  for  some  ot  the  CaO,  thereby  obviating 
the  need  for  the  addition  of  P2O5  to  the  glass  mixture.  None  of  the  monkey 
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implants  bonded,  and  It  was  not  clear  whether  the  change  in  formulation, 
which  should  have  no  effect  on  the  chemical  composition  and  the  behavior 
of  the  bioglass,  rendered  the  glass  incapable  of  bond  formation,  or  whether 
there  was  insufficient  fixation  to  allow  the  bond  to  form.  One  of  the 
failed  (i.e.  unbonded)  monkey  segmental  implants  was  retrieved,  and  two 
rat  tibia  implants  were  sawn  from  it.  Both  of  these  implants  bonded  at 
ten  days,  indicating  that  Lhe  material  was  capable  of  forming  a bond  to 
bone  (at  least  in  rat  tibiae),  and  suggesting  very  strongly  that  lack  of 
fixation  caused  failure  of  this  series  of  implants.  This  last  case 
illustrates  very  well  the  value  of  the  mini-push  out  test,  since  it  assesses 
the  bonding  ability  of  the  material  with  very  little  interference  from 
other  variables,  such  as  stresses  at  the  interface  or  motion  of  the  implant. 


Table  2 

Summary  of  Material  Screening  Studies 


Material 

No. 

10 

of  Implants 

Days 

Passed 

Failed 

30  Days 

No.  of  Implants  Passed 

Failed 

45S5  bio- 
glass (see 
Table  I) 

30 

22 

8 

32 

32 

0 

3 1 6L  Stain- 
less Steel 

3 

0 

3 

3 

0 

3 

Alumina, 
fully  dense 

3 

0 

3 

3 

0 

3 

Alumina  with 
simple  fusion 
coat  of  45S5 

14* 

0 

7 

3** 

1 

1 

Alumina  with 
two  fusion 
coatings  of 
45S5 

3 

0 

3 

3 

2 

1 

316L  Stain- 
less Steel 
coated  with 
45S5 

2 

2 

2 

2 

0 

Calcium  phos- 
phate type 
45S5 

2 

2 

0 

“ 

*Two  animals 

died  of  causes  not  related  to 

implants,  5 suffered  fractured 

tibae. 

**One  rat  sustained  a broken  tibia. 

***One  rat  died  of  causes  not  related  to  the  implant. 
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Compositional  Studies:  Substitution  of  Potassium  for  Sodium 

The  bonding  ability  of  bioglasses  in  which  varying  portions  of  Na20 
were  replaced  with  K2O  was  investigated.  One  reason  for  our  concern 
for  understanding  the  importance  of  the  substitution  of  K20  for  Na20 
is  the  extensive  tissue  culture  investigation  of  Rappaport  [7]  where  she 
showed  that  various  cultures  were  very  compatible  with  glass  discs  containing 
K2O.  Her  theory  that  this  positive  response  was  due  to  K+  ions  interacting 
beneficially  with  cell  membranes  suggests  that  a similar  increase  in  tissue 
compatabi lity  should  arise  with  bioglasses  containing  K2O.  The  code  names 
used  for  the  various  compositions  studied  with  our  test  method  are 
explained  in  Table  3.  Each  composition  was  tested  in  triplicate  for  both 
10  and  30  days,  and  the  results  are  summarized  in  Table  4. 

Table  3 

Compositions  Used  to  Study  Effect  of  Nn-K  Substitution 

mole  % 
wt.  % 


Code  Name 

SHI; 

P20s 

Ca_0 

Na20 

K;0 

1 

45S5  N 

46.  L 

2.6 

26.9 

24.4 

0 

45.0 

6.0 

24.5 

24.5 

0 

2 

45S5  N..K 

46.1 

2.6 

26.9 

18.3 

6.1 

43.6 

5.8 

23.8 

17.8 

9.0 

3 

45S5  NK 

46.1 

2.6 

26.9 

12.2 

12.2 

42.3 

5.6 

23.1 

11.5 

17.5 

4 

45S5  NK3 

46.  1 

2.6 

26.9 

6.1 

18.3 

41.1 

5.5 

22.3 

5.6 

25.5 

5 

45S5  K 

46.1 

2.6 

26.9 

0 

24.4 

39.9 

5.3 

21.8 

0 

33.0 

There  is  not  major  difference  in  the  bonding  ability  of  glasses 
containing  various  ratios  of  Na  to  K,  since  all  of  the  implants  unequivocably 
bonded  at  thirty  days.  This  suggests  that  the  role  played  by  Na20  is 
the  same  as  that  played  by  K20.  The  variation  in  results  at  the  ten  day 
period  indicates  that  there  may  be  a rate  effect  due  to  relative  Na  and  K 
concentrations,  but  the  data  is  too  sketchy  for  any  firm  conclusions  to 
be  drawn. 
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Tab  1 e 4 

Effect  on  Bonding  Ability  of  Substitution  of  K.90  for  Na2<3 


Materia  1 

10 

No.  of  Implant: t 

Days 

t Passed 

Fa i 1 ed 

30 

No.  of  Implants 

Days 

Passed 

Fa i led 

4 5 S 5 

N 

3* 

1 

1 

3 

3 

0 

45S5 

N3K 

3 

1 

2 

3* 

2 

0 

45S5 

NK 

3* 

0 

2 

3* 

2 

0 

45S5 

nk3 

3* 

T 

0 

3 

3 

0 

45S5 

K 

3 

0 

3 

3 

3 

0 

•One  animal  in  this  group  sustained  a fracture  of  the  tibia. 
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D.  An  Immersion  Process  for  Coating  Metal  Implants  With  Bioglass, 
by  P.  Buscemi  and  1..  L.  Hench 


I n L reduc  t i on 

A technique  for  producing  bioglass-coated  metal  devices  has  been 
developed  in  the  laboratory  after  two  conventional  methods  for  coating 
other  glasses  onto  metals  were  shown  to  be  unsuccessful.  One  method 
was  conventional  enameling  with  glass  frits  and  the  other  was  flame 
spray ing. 

The  enameling  method  failed  in  this  case  because  the  high  melting 
temperature  of  the  glass  and  the  time  required  caused  an  unacceptable 
amount  of  diffusion  of  iron  into  the  bulk  of  the  glass.  The  flame 
spraying  method  failed  because  the  high  temperatures  necessary  to  keep 
the  small  glass  particles  molten  vaporized  sodium  from  the  glass, 
causing  a reaction  at  the  metal-glass  interface  which  produced  a porosity 
fatal  to  a glass-metal  seal. 

To  overcome  these  deficiencies,  a promising  new  method  has  been 
developed.  It  involves  the  immersion  of  the  piece  to  be  coated  into 
the  molten  bioglass  for  three  (3)  to  five  (5)  seconds,  followed  by 
rapid  cooling.  The  process  allows  the  precise  control  of  the  comp- 
osition of  the  glass  on  the  external  surface,  and  diffusion  of  metal 
into  the  glass  coat  is  minimal. 

Critical  Parameters 

The  parameters  which  determine  the  nature  of  the  glass-metal 
interface  are  (1)  the  viscosity  and  temperature  of  the  glass,  (2) 
the  thermal  expansion  of  the  system,  (3)  the  oxidation  of  the  metal 
substrate  and  (4)  the  time  of  the  process.  These  are  more  fully 
explained  as  follows. 

1 . Viscosity 

Bioactive  glasses  of  different  compositions  are  melted  in  platinum 
crucibles  for  3 to  12  hours  to  ensure  homogeneity.  The  melting  temp- 
eratures of  tlie  glasses  range  from  1 300°C  to  1550°C.  Elevated  alkali 
content  decreases  viscosity  and  promotes  the  diffusional  properties  of 
the  glass  which  permits  chemical  bonding.  By  varving  the  temperature 
of  the  molten  glass  by  increments  of  10°C  to  25°f'  the  viscosity  of  the 
glass  can  be  controlled.  This  parameter,  although  not  affecting  the 
chemical  properties  of  the  glass,  allows  coatings  of  various  thick- 
nesses to  be  applied  to'  the  metal  substrate  depending  on  how  fast  it 
is  withdrawn  from  the  melt. 

2.  i'herma  1 Expansion 

Instead  of  using  multiple  coatings  of  glass  or  ceramics  to  relieve 
stresses,  the  concept  used  here  takes  advantage  of  two  physical  properties 
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of  metals:  (1)  at  relatively  low  temperatures  (below  7 00°  ( : ) tlie  ther- 

mal expansion  of  most  metals  (materials)  is  almost  linear,  and  (2) 
the  time  required  to  heat  up,  and  thereby  expand,  a metal  specimen  is 
long  (15-30  min.)  compared  to  the  time  required  for  a surface  layer 
of  glass  to  cool  from  HOO'-'C  to  700°C  (}L.SS  t|ian  6Q  sec).  Prior  to 
immersion,  the  metal  is  heated  to  a temperature  which  causes  the  same 
expansion  as  that  in  the  molten  glass,  relative  to  room  temperature. 
Thus  during  the  cooling  process  both  metal  and  glass  contract  the  same 
amount,  thereby  eliminating  the  stresses  which  would  otherwise  develop 
at  the  interface  between  materials  of  different  thermal  expansion 
coefficients.  The  relative  temperatures  and  expansion  arc  illustrated 
Figure  1.  The  rapid  cooling  of  the  glass  between  high  (1300°C)  and  low 
(700°C)  temperatures  is  allowed  because  glass  flow  in  this  region 
relieves  local  thermal  strain  quickly.  The  process  itself  involves 
a total  immersion  time  of  three  (3)  to  five  (5)  seconds  depending  on 
tiie  size  of  the  metal  substrate. 


3 . Oxi d a t i o n of  Me 1 a J_  Su bst r ; ite 

In  the  immersion  process  a relatively  thick  oxidation  surface  is 
created  on  a rough  (sand  blasted)  metal  surface.  The  term  oxidation 
layer  is  used  in  the  chemical  sense  to  mean  that  a chemical  reaction 
between  the  metal  substrate  and  a gaseous  element  (which  need  not 
necessarily  be  oxygne)  undergoes  an  electron  transfer  process  to  form 
a surface  of  specific  characteristics.  The  process  involves  toe  control 
of  temperature,  time  and  vapor  pressure  of  the  gaseous  oxidizing 
element  to  form  an  oxidation  layer  which  permits  chemical  bonding  to 
the  bioglass  through  high  temperature  diffusion.  In  this  manner  it  is 
the  metal  substrate  itself  which  provides  the  transition  layer  to  the 
glass.  No  further  modification  of  the  glass  and  substrate  need  be  made. 


The  surface  roughness  of  the  metal  substrate  also  controls  the  degree 
of  interpenetration  of  the  oxidation  layer  between  the  metal  substrate 
and  the  glass.  The  roughness  is  not  meant  to  provide  "mechanical 
interlocking."  Indeed,  excessively  rough  surfaces  cause  residual 
stresses  upon  cooling.  The  control  of  the  roughness  is  a means  of 
further  controlling  the  oxidation  process.  The  oxidation  process 
varies  for  different  metals  of  different  shape  , but  as  an  example 
20  min.  at  800°C  in  air  is  required  for  a 3161.  stainless  steel  implant 
as  shown  in  Figure  2. 


4 . T ime 


The  factor  of  time  has  been  mentioned  in  the  above  three  sections. 
The  time  of  immersion  is  a critical  variable  dependent  upon  type  of 
metal  substrate  and  glass  coating. 

Results 

An  example  of  a device  coated  with  this  method  is  shown  in  Figure 
2.  The  substrate  is  made  of  3161.  stainless  steel  and  is  coated  will) 
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Inis  femoral  head  prosthesis  for  a monkey  was  fabricated 
bv  the  College  of  Engineering  Shop  and  coated  with  the 
immersion  process.  Total  length  of  the  device  is 
approximately  65  mm.  I he  coating  on  the  stem  was  machined 
by  grinding  to  produce  a uniform  cross  section,  while  the 
glass  coating  of  the  head  was  left  in  its  natural  form. 


*5S5  blog  lass.  Test  pieces  made  by  this  method  hav.  been  a , essful ly 

tested  in  rats  and  shown  to  bond  to  bone  within  JO  davs  O) . Other 

test  devices  have  withstood  autoclaving  'heating  t>  about  I O'  ). 

Figure  3A  shows  Liu1  interface  between  the  glass  and  nut  a!  when 
polished  to  a fineness  of  600  grit.  The  por  ■ ity,  which  learly 
visible,  is  due  to  the  formation  of  th  metal  oxide  in  air  rather 
than  in  a controlled  atmosphere.  A controlled  atmosphere  would  produce 
a dense  rather  than  porous  oxide  film.  However,  the  unopt  imized 
system  of  Figure  1A  survives  immersion  in  buffered  solution  much  better 
than  tin-  previous  1 v tested  flame  sprayed  devices . Figure  JB  shows  the 
bioglass-metal  interface  of  a flame  sprayed  device  for  omparison.  Large 

voids,  frequently  extending  down  to  the  metal  surface,  ire  liarly 

evident,  and  are  responsible  for  the  low  strength  a the  ;l.i  ;s-met  a 1 
bond . 

Lnergy  dispersive  X-ray  analysis  (see  F igur<  4)  aero  .s  8 m 
ot  the  interface  of  the  section  shown  in  Figure  1A  shows  a transition 
region  of  approximately  two  (2)  microns  in  breadth.  A definite  inter- 
diffusion  of  iron,  chromium,  calcium  and  silicon  exists  in  this  .area, 
thus  confirming  the  existence  of  chemical  bonding.  flu  primary  method 
of  testing  the  strength  of  this  bond  will  involve  A STM  C.'blJ,  Standard 
Method  of  Test  for  Adhesion  or  Cohesive  Strength  of  Flame- sprayed 
Coatings,  and  is  currently  in  progress. 

Other  metal  substrates  have  been  coated  bv  this  im  thod  including 
titanium  and  chrome  cobalt  alloys.  In  cases  where  tin-  thermo  I - gp.msion 
of  the  substrate  is  less  than  the  45S5  bioglass,  a modification  to  the 
composition  of  the  glass  must  be  made.  An  enclosed  svstem  for  coating 
substrate  metals  in  a completely  controlled  atmosphere  doc.  not  vet 
exist.  The  capability  to  perform  the  oxidation  and  coating  phase; 
separately  under  positive  pressure  of  argon  is  under  dev»  iopment. 


surf  iii1  o|  45S5  bioglass  flamo-s 
cl  shows  many  voids,  some  of  whi 
The  white  bar  is  50  ,m  long. 


between  the  stainless  steel  and  the  bioglass. 


Studies  in  Artificial  Bone  Craft  Materials — A Progress  Report, 

C.  Piotrowski,  H.  Burehardt,  T.  Carr,  D.  Greenspan  and  P.  Buscemi 


I n t ro d tic  t i o n 

The  study  reported  herein  focusses  on  the  mechanical  and  macroscopic 
structural  details  of  the  bone-bioglass  bond.  Artificial  replacements 
for  segments  of  canine  fibula  were  implanted  and  harvested  at  12  and  24 
weeks.  The  major  purpose  of  this  study  is-' to  ascertain  the  spatial 
pattern  of  repair  in  the  vicinity  of  the  implant-bone  junction,  the 
strength  of  the  junction,  and  the  activity  level  in  the  bone.  Data 
obtained  in  this  study  will  be  compared  to  previous  and  current  work  at 
this  institution  with  autogenous  bone  grafts  [1]  and  Navy  bank  bone. 

Me  t hods  and  Mater i al s 

Six  dogs  were  implanted  : or  each  of  two  time  periods,  12  and  24 
weeks,  for  each  of  two  tvpts  of  implants.  One  type  of  implant  was 
fabricated  from  fullv  dense  alumina  coated  with  bioglass  [2],  and  the 
other  from  116  stainless  steel  coated  with  bioglass  13].  Each  dog  under- 
went two  simultaneous  graft  operations.  On  the  right  hand  side  a 40  mm 
long  piece  of  fibula  was  excised,  frozen,  and  stored  for  subsequent 
testing.  The  defect  in  trie  bone  was  filled  with  an  equally  long  arti- 
ficial replacement.  On  the  left  side  a 40  mm  long  segment  of  fibula  was 
excised,  inverted  proximal  to  distal,  and  replaced.  The  advantage  of 
this  particular  model  was  that  no  internal  or  external  fixation  devices 
were  required  to  secure  the  implant  or  transplant  in  place,  and  therefore 
material  ractions  could  be  studied  without  the  necessity  of  introducing 
foreign  materials,  such  as  metal  fasteners.  At  the  time  of  sacrifice 
the  strength  of  each  of  the  four  graft-host  junctions  was  to  be  tested 
in  torsion  by  cutting  the  graft  or  implant  in  half  and  removing  40  mm 
long  test  specimens  from  each  side.  All  five  specimens  (normal  fibula 
removed  at  operation,  two  autogenous  graft-host  junctions,  and  two  bio- 
glass-bone junctions)  were  to  be  tested  for  each  animal.  Mechanically, 
the  strength,  deflection  to  failure,  and  energy  absorption  was  to  be 
studied.  This  data  was  to  be  correlated  to  the  porosity  and  cumulative 
formation  in  the  bone. 

Post-operat ively  each  of  the  dogs  was  fed  tetracycline,  an  anti- 
biotic which  is  deposited  in  newly  formed  bone  and  fluoresces  under 
ultraviolet  lighting.  This  allows  for  quantitative  determining  of  bone 
formed  during  the  post-operative  period.  X-rays  were  routinely  taken  at 
two  week  intervals,  so  that  progress  of  healing  could  be  followed. 

Current  Status  of  the  Project 

* 

Seven  implants  have  been  harvested:  4 of  6 bioglass-alumina 

implants  at  24  weeks,  2 of  6 bioglass-alumina  implants  at  12  weeks, 

0 of  6 bioglass-steel  implants  at  24  weeks,  and  1 of  6 bioglass-steel 
implants  at  12  weeks.  None  of  the  harvested  implants  was  bonded  to  the 
host  bone.  In  contrast,  all  of  the  autogenous  graft  host  junctions  were 
healed.  These  graft-host  junctions  have  been  frozen  and  stored  and  will 
be  tested  mechanically  when  harvesting  of  all  implants  has  been  completed 
in  mid-December . 


62 


The  following  is  a typical  clinical  and  roentgenographi c history 
of  the  implant  in  contrast  to  the  autograft.  Within  the  first  four 
weeks,  a substantial  amount  of  callus  appears  around  the  ends  of  both 
autografts  and  implants.  The-callus  formation  on  the  autograft  side 
seems  to  be  more  extensive  and  is  gradually  incorporated  to  the  hone 
on  either  side  of  the  graft-host  junction  from  4 to  12  weeks.  A radio- 
lucent  zone  is  usually  evident  between  implant  and  callus,  but  in  some 
instances  radio-dense  material  is  seen  directly  adjacent  to  the  implant. 

At  24  weeks  the  graft-host  junctions  are  so  well  consolidated  that  the 
location  of  the  junction  is  generally  not  identifiable  on  the  X-rays. 

The  implant-bone  junctions  do  not  appear  to  consolidate,  and  the  radio- 
graphic  appearances  do  not  confirm  or  deny  the  existence  of  a bond. 

Carful  dissection  of  the  implants  harvested  to  date  has  shown  that 
none  of  the  implants  was  bonded  in  place.  This  observation  has  also 
been  made  with  implants  which  appeared  to  be  closely  coapted  with  calcified 
matte  ' on  the  X-rays. 

Mechanical  tests  of  the  bioglass-coated  alumina  implants  retrieved 
at  sacrifice  at  both  12  and  24  weeks  show  about  a 10%  reduction  in 
strength  compared  to  unimplanted  control  specimens.  The  data  to  date  is 
too  scant  to  be  statistically  significant. 

D i scuss ion 

The  implant  materials  used  in  this  study  have  passed  the  in  vivo 
proof  test  for  bonding  ability  [4].  Thus  the  lack  of  bond  formation  is 
most  likely  due  to  other  than  material  factors,  since  the  45S1  bioglass 
has  been  shown  to  bond  to  bone  in  several  other  animal  species  [5-7], 

The  most  likely  cause  of  non-union  seems  to  be  that  the  implants  were 
free  to  move,  since  they  were  not  rigidly  fixed  to  the  host  bone.  This 
motion  must  have  ceased,  however,  after  a few  weeks  when  the  implant 
became  entrapped  in  the  callus.  This  suggests  quite  strongly  that  the 
bonding  process  is  a sequential  process,  and  if  the  sequence  is  inter- 
rupted by  motion  or  some  other  cause  bonding  will  not  occur. 

Future  Work 


Histological  studies  of  the  tissues  surrounding  the  fibular  implants, 
and  scanning  electron  microscope  analyses  of  the  surfaces  of  the  unbonded 
implants,  are  currently  being  performed  to  establish  further  clues  as 
to  the  reason  for  non-unions  of  these  implants,  as  well  as  to  identify 
the  types  of  tissues  surrounding  Lite  implants. 

Harvesting  of  all  implants  will  be  completed  by  mid-December,  and 
shortly  after  that  all  mechanical  tests  of  retrieved  implants  and  graft- 
host  junctions  will  be  completed.  Analysis  of  the  retrieved  specimens 
for  porosity,  cumulative  bone  formation,  and  cumulative  callus  formation 
will  begin  within  the  next  two  weeks. 
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Histological  Studies  of  the  Bone-Bioglass  Interf  ace-'  A Progress 
Report,  M.  S.  Harrell,  H.  A.  Paschal  1 and  I,.  I..  Hem  h 


A number  of  rats  have  been  implanted  with  rat  tibia!  hips,  as 
described  in  previous  sections  of  this  report,  for  periods  of  up  to  one 
year.  These  specimens  thus  represent  a complete  time  sequence,  of  much 
longer  duration  than  heretofore  studied.  Most  of  these  specimens  have 
been  harvested  and  sections  for  both  light  and  transmission  electron 
microscopy  are  being  prepared. 

One  of  the  preliminary  findings  from  this  series  involves  the 
erosion  of  bioglass  where  it  is  in  contact  with  the  contents  of  the 
marrow  cavity.  Some  necrotic  tissue  is  in  evidence,  and  erosion  of  the 
bioglass  has  taken  place,  at  the  one  year  time  period.  Some  rats  are 
currently  implanted  for  longer  in  vivo  tests,  to  ascertain  whether  this 
process  is  stable,  i.e,,  self- limiting , or  unstable. 

Additional  examinations  of  the  bone-bioglass  bond  are  being  performed 
using  the  scanning  transmission  electron  microscope,  and  a critical  point 
drying  technique  for  specimen  preparation.  This  latter  technique  leads  to 
sections  of  the  interface  which  are  not  damaged  in  the  drving  process. 

The  resulting  undisturbed  picture  of  the  morphology  of  the  interface, 
confirms  the  existence  of  a bulk  bioglass:  Si  0 -rich  layer:  Ca-P  rich 

film:  bone  transition  zone. 

A major  paper,  elucidating  the  time  sequence  of  bone  formation  using 
a variety  of  microscopic  techniques,  is  currently  being  prepared  and  should 
be  completed  within  the  next  two  months. 


G.  Clinical  Biomechanics,  G.  Piotrowski. 

Introduct ion 

Tissues,  implants,  limbs,  and  bodies  all  obey  certain  basic  laws 
which  can  be  described  by  mathematical  expressions  of  the  relationships 
between  forces  and  motions.  Application  of  these  descriptions  of  the 
real  world  are  primarily  within  the  purview  of  the  physical  scientist 
and  the  engineer.  Thus,  the  training  of  these  individuals  equips  them 
uniquely  to  contribute  substantially  to  the  analysis  of  retrieved  implant 
devices  to  assess  the  causes  for  failure.  The  application  of  the 
concepts  of  mechanics  to  the  medical  field  has  been  lumped  under  the 
heading  "biomechanics;"  I am  not  very  comfortable  with  this  term,  since 
it  implies  that  what  I do  in  studying  things  in  the  body  is  basically 
different  than  what  I do  in  studying  the  failure  of  a bearing  cap  of  an 
internal  combustion  engine. 

Now  that  I've  alienated  all  of  my  friends  who  are  "bioengineers,"  let 
me  hasten  to  point  out  that  in  looking  inside  the  body  we  are  dealing 
with  an  irregular  geometry,  non-linear  materials,  ill  defined  loading 
patterns,  and  a few  other  factors  which  make  analysis  of  the  forces, 
displacements,  stresses,  and  strains  experienced  by  the  implant  very 
difficult.  The  principles  are  the  same  as  propounded  in  basic  engineering 
courses,  but  the  mathematics  can  become  almost  nightmarish. 

The  Philosophy  of  Biomechanics  Analysis. 

The  principles  involved  in  "biomechanical  analysis"  of  implants  are 
easily  outlined,  as  in  Figure  1,  but  generally  very  difficult  to  implement. 
In  the  general  case,  one  begins  with  a free-body  analysis,  isolating  the 
object  of  interest  from  its  environment,  and  identifying  all  interactions 
(forces,  fluid  flows,  deflections,  etc.)  between  the  object  and  its 
environment.  Force  and  moment  equilibrium  conditions  are  applied  to 
establish  relationships  between  known  and  unknown  forces,  and  if  we're 
lucky  these  will  suffice  to  allow  us  to  find  the  unknown  forces.  For 
statistically  indeterminate  cases,  however,  the  equilibrium  conditions 
are  not  sufficient  to  lead  us  to  a complete  description  of  the  state  of 
the  object,  and  we  must  invoke  the  concept  of  compatability  of  deformations. 
Finally,  constitutive  relations  are  introduced  to  relate  loads  and  defor- 
mations. The  resulting  mathematical  description  of  the  object  under  study 
may  be  quite  complex,  but  solutions  of  these  equations  will  yield  the 
desired  data  on  loads  and  deformations  experienced  by  the  object. 

In  the  above  overview,  it  was  tacitly  assumed  that  the  object  is  in 
static  equilibrium,  and  that  the  forces  were  constant  in  both  magnitude 
and  orientation.  These  conditions  are,  however,  not  true  for  many 
significant  cases,  and  ignoring  these  time  variations  of  forces  and 
velocities  may  lead  to  substantial  errors.  If  the  inertial  forces  are 
not  insignificant,  or  if  the  force  vectors  vary  with  time,  the  above 
analysis  must  be  applied  repeatedly,  and  solutions  for  each  instant  of 
time  must  be  obtained.  Clearly  this  leads  to  lengthy  computations. 
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All  biomedical  analysis  approaches  make  use  of  equiliari 
conditions,  geometric  compatib il it” , and/or  constitutive 
relations  to  deal  with  the  object  >f  interest,  as  define 
by  the  "free  body,"  and  to  attain  solutions  to  biomechan 
prob 1 ems . 
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Once  the  loads  and/or  deformation:,  on  tin  implant  have  be*  a do:  i ned , 
material  properties  are  involved  to  establish  the  str  sses , or  I or*  e 
intensities,  at  every  point  of  interest  in  th*  device  a suggested  by 
' i urt  2.  Computing  the  stresses  at  selected  points  oj  interest , however , 
frequently  implies  calculating  stresses  everywhere  in  tie-  oh j*  et . It  is 
at  this  point  that  the  fields  of  materials  science  and  mechanics  merge, 
since  both  deformations  and  stresses  are  determined  bv  the  ipplied 
loading,  the-  geometry  of  th*  device,  and  iLs  material  properties. 

it  is  important  at  t h is  point  to  differentiate  formally  between  the 
terms  "applied  load"  and  "strength".  The  former  term  refers  lo  the  force 
eondit  ions  the  device  is  subjected  to,  while  the  latter  term  describes 
how  much  load  the  device  can  sustain  before  bad  things  happen  to  it. 

The  applied  load  is  c.  tablished  through  tile  procedure  outlined  above  and 
differs  for  every  analysis,  while  the  strength  depends  on  the  properties 
of  the  material  and  geometry  of  the  implant.  One  must  also  distinguish 
between  various  strengths,  as  defined  by  the  various  mechanical  modes 
of  failure  so  well  iescribed  earlier  by  -Dr.  Williams. 

I will  present  two  case  histories  which  Illustrate  how  an  analysis 
■f  lli*  mechanics  of  the  implant  involved  contributed  to  or  even  changed 
the  • **n<-  ! ns  ions  regarding  tlu  cause  of  failure,  and  only  briefly  highlight 
•omo  of  the  many  varied  and  complex  techniques  used. 


Case  1. 


A sixteen  year  old  white  male  involved  in  an  automobile  accident 
sustained  a fracture  of  the  right  femur  in  the  vicinity  of  the  junction  of 
the  proximo 1 and  middle  thirds.  The  fracture  was  treated  with  a 9 mm 
* li-vor.!oaf  intramedullary  nail.  About  three  weeks  later,  the  youth 
experienced  sharp  severe  pain  in  his  right  thigh  while  putting  on  his 
pants  (standing  up)  and  felt  the  nail  bend.  X-rays  (Figure  3)  confirmed 
tlie  bend  and  a closed  partial  straightening  was  performed.  The  nail  was 
bent  again  at  24  weeks  post-op  in  a fall,  removed,  and  replaced  by  a new 
9 mm  cloverleaf  nail.  The  fracture  proceeded  to  heal  uneventfully,  and 
tin  second  nail  was  removed  routinely  15  months  after  the  original 
f racture . 

A metallurgical  study  of  the  bent  nail  produced  no  evidence  of  surface 
delects  or  anomalous  microstructure.  X-ray  spectrograph  ie  results  indicated 
that  the  composition  was  "very  likely"  type  116  stainless  steel.  A yield 
strength  of  470  MPa  (68  kps  i ) and  a hardness  of  25  HRC  were  measured  and 
deemed  to  be  reasonable.  Thus,  since  no  material  defects  or  deficiencies 
were  noted,  a biomechanical  design  analysis  was  recommended  to  determine 
the  loads. 


In  order  to  assess  the  loads  at  the  fracture  site  during  the  critical 
maneuver  of  putting  on  one's  pants,  several  motion  picture  sequences  were 
made  of  a subject  of  similar  weight  and  stature  as  the  patient.  One  f rami 
of  the  film,  shown  in  Figure  4,  which  was  judged  to  he  the  most  critical, 
was  traced  onto  a large  sheet  of  paper.  Anthropomorphic  data  published 
bv  Drill  is  et  a 1 Ml  wa  used  to  locate  and  weigh  the  centers  of  mass 


LOADING 


GEOMETRY 


PROPERTIES 


gr  a PLe 
Mu  J 


8 « PL3 
3EI 


Tile  analysis  of  stresses  and  deflections  requires  that  the 
loading,  obtained  as  shown  in  Figure  1,  and  the  material 
properties  be  combined  with  the  description  of  the  object's 
conf igurat ion . 


of  each  of  15  body  segments  on  the  two  views  of  the  subject.  The  locations 
of  the  center  of  mass  of  the  entire  body,  of  the  right  lower  extremity  below 
the  fracture  site,  and  remainder  of  the  body  were  then  calculated.  The 
manuever  was  assumed  to  be  quasistatic,  and  inertial  forces  were  neglected. 
Since  the  center  of  mass  of  the  entire  body  was  found  to  be  located  directly 
above  the  right  foot,  which  was  the  single  support  for  the  entire  body, 
a reasonable  amount  of  confidence  in  the  appropriateness  of  the  analysis 
was  acquired. 

A free  body  analysis  of  the  body  proximal  to  the  fracture  site  showed 
that  a net  compressive  load  of  547  N (123  lbf)  and  a bending  moment  of  92.1 
N‘m  (815  in  lbf)  had  to  be  transmitted  across  the  cross  section  of  the  thigh 
at  the  fracture  site.  Furthermore,  this  moment  tended  to  bend  the  thigh  in 
an  antero-medial  direction. 

The  compressive  load  is  manifested  in  a compressive  stress  across  the 
fracture  site.  This  stress  is  quite  tolerable  and,  in  fact,  thought  by 
some  to  be  essential  for  bone  healing.  The  bending  load,  however,  has  two 
factors  involved.  A major  protion  of  it  is  resisted  by  the  bending  of  the 
nail  itself,  while  the  balance  originates  from  the  fact  that  the  hamstrings 
act  at  some  distance  away  from  the  center  of  the  femur.  These  two  components 
of  the  bending  load  at  that  cross  section  are  difficult  to  separate  rigorously. 
However,  some  very  interesting  comparisons  may  be  made  as  depicted  in  Figure 
5.  The  yield  moment  of  a 9 mm  cloverleaf  nail,  based  on  a yield  strength 
of  690  MPa  (100,000  psi)  for  cold  worked  stainless  steel  was  calculated  to 
be  about  22.6  N-m  (200  in.  lb.)  (at  this  point  yielding  just  began  at  the 
points  furtherest  away  from  the  neutral  axis).  A solid  "nail"  of  the  same 
outer  diameter  would  exhibit  a yield  moment  of  about  49.1  N-m  (435  in.  lb.). 

Both  of  these  calculated  values  are  well  below  the  applied  bending  load. 

Clearly,  the  hamstrings  must,  in  fact,  be  tensed.  Acting  at  a distance 
of  about  75  mm,  they  would  have  to  exert  a force  of  about  925  N (210  lbf)  to 
protect  the  nail.  While  these  muscles  can  exert  such  forces  quite  readily, 
they  would  also  act  to  flex  the  knee,  which  is  bad  since  the  knee  is 
already  slightly  flexed.  Tims,  to  keep  the  leg  in  the  configuration  required 
to  support  the  body,  the  hamstrings  and  quadriceps  must  maintain  a 
substantial  force  differential.  However,  the  nail  can  only  withstand  a 
small  portion  of  these  forces  exerted  within  the  thigh.  Furthermore,  the 
body  has  little  feedback  information  to  tell  it  that  the  nail  is  getting 
bent.  The  nail  is  thus  easily  bent  during  this  extremely  strenous  behavior, 
and  the  implant  "fails".  One  must  conclude  that  the  bending  of  the  intra- 
medullary nail  was  a consequence  of  the  large  load  applied  through  the 
patient's  actions,  and  would  not  have  been  prevented  bv  the  use  of  a 
different  nail  design  or  different  material. 

Case  II 

4 A 61  year  old  white  male  had  had  generalized  arthritis  for  many  years. 

Persistent  pain  in  his  left  knee  led  to  an  attempt  to  fuse  the  joint.  A 
Hansen-Street  nail  was  driven  through  the  length  of  the  femur  and  half  the 
length  of  the  tibia.  The  nail  blocked  motion,  but  some  of  the  pain 
persisted.  About  three  years  post-operatively , the  patient  felt  a sharp  snap 
in  his  left  knee  when  he  stepped  off  a curb.  Swelling  and  increased  motion 
ensued . 
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Comparison  of  the  strengths  of  the  cloverleaf  nail,  a 
solid  rod  of  stainless  steel,  an  intact  femur,  and  the 
bending  moment  applied  to  the  thigh  at  the  fracture  site. 


The  intramedullary  nail  was  seen  on  X-ray  (Figure  6)  to  be  fractured. 
Upon  the  removal  of  the  implant  the  fracture  surface  presented  an  appeal ance 
characteristic  of  fatigue  failure  as  depicted  in  Figure  7.  The  flat 
areas  show  where  the  fatigue  cracks  grew  under  the  cyclic  loading,  leaving 
only  the  central  ridge  to  snap  off  for  the  final  failure.  The  gouge  marks 
visible  on  the  implant  apparently  were  created  during  the  removal  of  the 
implant.  Unfortunately  the  marks  obscure  the  question  of  whether  any  stress 
concentrators,  due  to  either  manufacturing  defects  or  technical  errors  by 
the  surgeon,  were  present  prior  to  the  fracture  and  acted  to  facilitate 
the  failure. 


As  before,  a free-body  diagram  of  the  implant,  drawn  in  Figure  8,  is 
illustrative  of  the  type  of  load  seen  by  the  nail.  The  muscles  of  the  leg 
continue  reflexively  to  try  to  flex  and  extend  the  knee  despite  the  presence 
of  the  nail.  While  the  magnitude  of  the  forces  cannot  be  obtained  without 
much  work,  the  morphology  of  the  loading  on  the  nail  can  readily  be  established. 
The  bending  moment  experienced  by  the  nail  in  the  vicinity  of  the  knee  can 
then  readily  be  plotted  in  a qualitative  fashion.  The  crucial  feature  of 
this  moment  diagram  is  that  the  bending  moment  is  largest  in  the  joint 
space  between  the  femur  and  the  tibia,  and  this  moment  is  reasonably 
constant  across  that  space.  Closer  examination  of  the  implant.  Figure  9, 
showed  that  another  fatigue  crack  existed  about  5 mm  distal  to  the  break 
in  the  anterior  surface  of  the  nail.  A matching  crack,  although  not  as 
well  developed,  was  found  on  the  posterior  side.  The  original  surfaces  of 
the  implant  are  still  visible  in  the  vicinity  of  this  crack,  and  no  surface 
defects  were  evident  under  40  X visual  observation.  A metallographic 
section  thorugh  the  incomplete  cracks  also  revealed  no  abnormalities. 

Thus,  the  incomplete  fatigue  crack  did  not  originate  at  an  overt  defect. 

Since  both  cracks  occured  under  identical  conditions  of  loading  (i.e.  both 
cross  sections  were  subjected  to  the  same  bending  moment),  one  can  safely 
conclude  that  formation  of  the  failure  crack  was  also  not  enhanced  by  any 
surface  defects,  and  the  nail  was  placed  in  a situation  where  it  was 
overloaded  in  cyclic  bending. 

Without  the  consideration  of  the  (bio)  mechanics  of  the  nail's  failure, 
the  integrity  of  the  nail's  surface  would  have  remained  in  question.  The 
nail  itself  was  not  defective,  but  its  application  for  this  situation  was 
erroneous.  Again,  I would  raise  the  question  as  to  whether  such  missappli- 
cation  could  be  avoided  if  the  surgeon  was  provided  with  data  outlining  the 
mechanical  characteristics  of  the  nail. 

Summary 

The  principles  of  mechanics,  applied  to  a clinical  situation,  can  be 
used  to  define  or  describe  the  forces  and  stresses  acting  on  an  implant. 

These  data  must  be  combined  with  the  metallurgical  analysis  to  describe, 
in  a comprehensive  fashion,  what  led  to  the  failure  of  an  implant.  When 
only  one  or  the  other  of  the  analyses  is  performed,  incorrect  conclusions 
may  be  readily  drawn,  leading  to  erroneous  corrective  actions  or  charges. 

Only  when  the  expertise  of  both  fields  is  applied  to  the  retrieved  implant, 
will  a consistently  correct  assessment  of  its  success  or  failure  be  made. 
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Freebody  analysis  of  the  implant  shown  in  Figure  6 prior 
to  its  failure  shows  that  the  bending  moment  experienced 
by  the  nail  is  quite  constant  across  the  joint  space. 
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